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Abstract
Development of novel materials with sought after properties has been the forefront in the
field of nanomaterials. Hybrid nanomaterial architectures, or nanocomposites, is an important
subgroup within the material chemistry umbrella. One such example of nanocomposite systems is
peapod-like structures that are composed of 0D nanoparticles (“peas”) and 2D nanosheets
(“pods”). Nanopeapods may display unique properties that were not attainable within individual
components. BaTiO3 nanoparticles can be produced using solvothermal methods (20 h) in the
presence of Ba(NO3)2, titanium (IV) butoxide, and oleic acid as the surfactant. Synthesis
parameters were modified to allow for both oleic acid and oleylamine to be present within
solvothermal synthesis. The resulting nanopeapods had dimension between 0.1 – 1 μm with an
average of 27 ± 14 particles within each scroll.
Nanomaterials that exhibit spin-crossover (SCO) type behavior have also been explored
significantly due to its ability to be a molecular switch. Depending on the type of ligand used in
its fabrication and the size of the SCO compound produced, the energy requirement for spin state
transition can decrease. Here, a study is presented on the fabrication of 0D [Fe(Htrz)2(trz)](BF4)]
nanocubes using adaptions of reverse micelle methods using Tergitol NP-9 as the surfactant.
Resulting nanocubes obtained had dimensions of 50 nm. Clear evidence of decrease in energy
requirements is seen in both thermal and magnetic hysteresis produced for the nanoparticles.
Compared to bulk data, a decrease of 20 οC can be seen in transitions from low to high spin states.
The fabrication of transition metal oxynitrides via ammonolysis of transition metal oxides
is a type of reaction that is studied for a variety of applications. Successful ammonolysis of
niobium transition metal oxides is difficult due the reduction of the metal by the H2 produced.
Ammonolysis of K4Nb6O17 at 800 οC produced a proposed two-phased oxynitride containing
xv

KNbO3 and a compound with the approximate composition of NbN0.33O2. The conversion resulted
in a weight loss of 11% due to the loss of potassium oxides and exchange of oxygen atoms for
nitrogen atoms within the structure. This was then proceeded by a weight gain of 6% during
oxidation via thermal analysis. XRD analysis provided further structural details to confirm the
two-phased system produced.

Keywords: Nanopeapods, nanocomposites, solvothermal synthesis, nanoparticle encapsulation,
spin-crossover, spin transitions, surfactants, metal oxides, metal oxynitrides, ammonolysis
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Chapter 1. Introduction

Developments in science are often driven by the need for advancements in a number of areas,
including electronics, medicine, catalysis, optics, magnetics, and solar energy. The discovery of
new technologies, or the optimization of older ones, have been researched non-stop throughout the
modern age. Newer methods of synthesis have been the critical foundation needed in order to
facilitate the development of novel materials that can greatly impact the world of today. The work
depicted in the following chapters will highlight synthetic methods and characterization techniques
within new and known advanced materials: layered oxides, ferroelectrics, spin-crossover
materials, and complex nanocomposites.

1.1. Nanotechnology
Many aspects of technology in the world today depend heavily on the use of nanotechnology.
From the development of large-scale architectural projects to tiny robot-assisted surgical devices,
at their core, these advances rely on advancements in nanotechnology. It is for this reason that
there needs to be a push in the optimization of future nanotechnological efforts. What is
nanotechnology? It is the ability to manufacture, observe, and manipulate materials in the
nanometer range. Anything above this range would be considered sub-micrometer or
macromolecular (depending on how far you go, this range changes names even more). When
studying compounds, properties in different size ranges can vary, even for the same compound. In
the nanometer range, it is possible to access distinct nanoscale properties to improve the overall
performance of the material. With that being said, the potential application for the use of
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nanotechnology can cover a broad spectrum of fundamental science: electronics1-2, catalysis3-4,
data storage5, optics6, sensors7-8 and also, in some medical applications as well.9-10

1.2. Nanomaterials
Nanotechnology relies on the use of materials known as nanomaterials. These materials have
sizes that range from 1 to 100 nm and often have very different properties when compared to their
larger counterparts.11 For example, when looking at bulk gold, it is a lustrous yellow color and has
no catalytic properties. However, when gold is in its nanoparticle form, it can have a wide range
of colors depending on size (e.g., blue at 50 nm and purple at 20 nm)12 and can be an efficient lowtemperature catalyst.13 Ideally, the main picture, when looking at nanomaterials, is to find ways to
optimize the fabrication of these nanoscale structures and also to reduce production cost. In recent
times, greener methods of producing these nanostructures have been implemented in order to
minimize environmental impact.14-16 Nanomaterials can be classified into zero-dimensional (0D),
one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanomaterials.17 The
focus of this work will encompass only the 0D, 1D and 2D nanomaterials. Nanomaterials of 0D
consist of nanoparticles, quantum dots, etc., whereas those in the 1D are nanowires, nanotubes,
nanorods etc. Nanosheets, which are considered to be 2D nanomaterials, have two dimensions
which are outside of the nanometric size range. Nanocomposites can be formed with the
combination of any of the types of categories listed. An example of a nanocomposite is the
nanopeapods (1D), which consists of nanoparticles (0D) inside a scrolled nanosheet (2D). The
formation of nanocomposites can yield structures that have properties from either materials or the
formation new ones, so called metamaterials.4, 18-19

Both nanoparticles and nanosheets can be

considered primary building blocks when it comes to nanotechnology. These materials have been
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studied extensively over the past years in order to keep on improving them for potential
advancements in applied technologies.

1.3. Nanomaterial Synthesis
Various methods of synthesizing nanomaterials have been implemented over time. In order to
determine which techniques would be best for a particle synthesis, one must take into consideration
cost, viability, and environmental impact. Methods of fabrication include sol-gel,20 sputtering,21
lithography,22 chemical vapor depositions,23 benchtop,24 microwave,25 electrochemical
reduction,26 solvothermal27, and high-temperature solid-state reactions.28 These techniques can
then be further subdivided into physical or chemical methods. All these are functionalized for
specific types of samples that are synthesized and have a time component that can limit synthesis.
For example, when synthesizing nanoparticles, a microwave approach can be used to speed up
reaction times but, this may lead to a loss in quality of nanoparticles.

Figure 1.1. Autoclave and Teflon liner. (A) Parts for autoclave and Teflon liner. (B) Sealed
autoclave.
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One of the facile and simplest ways to synthesize nanomaterials is the use of solvothermal
methods. This approach is governed by the principles of heat, pressure and solvent.29-30 Reactants
and solvents are enclosed within a PTFE-lined cylindrical container (Teflon liner), placed inside a
stainless steel autoclave (Figure 1.1 shows autoclave with liner) and then heated at varying
temperatures (100 – 500 οC). The temperature and amounts of solvent affect the overall pressure
that is exerted in the cell. The use of high temperatures along with solvents that have low boiling
points, can lead to rapid nucleation and growth of nanomaterials where the elevated pressure aid
in synthesis.29-33 Solvothermal approaches have been used widely for directing the morphology of
different types of NPs such as metal oxides (BaTiO3,34-35 TiO2,36 Fe2O337-38 and CeO239-40) and
noble metals (Au41 and Ag42). When water is used in the solvothermal method, this is referred to
as the hydrothermal approach.43-45 In the foreseeable future, more green synthetic practices are
expected, but for now it is only in it’s infancy.46

1.4. Layered Nanomaterials
Nanosheets consist of an assembly of atoms that have repeating patterns throughout the
dimensions of a single layer. Often, these layers are very thin and use weak van der Waals, strong
hydrogen bonding, or ionic interactions in order to stack to produce 3D structures.47 Layered
materials are varied and include clays (halloysite), graphite, metal halides, metal oxides, and
layered perovskites.48 Certain layered materials that are capable of exfoliation via controlled
experimental conditions,49 can produce isolated nanosheets. Graphite is a simple example of a
layered 2D structure system. Graphite is composed of layers of hexagonally arranged carbons
connected by covalent bonds. The stacking of graphite, however, is supported by weaker van der
Waal forces.47 When looking at these materials, certain terms can be defined for different areas of
the material: interlayer region (space between two adjacent layers), interlayer spacing (space
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difference between the center of two sheets, d-spacing) and the gallery height (distance between
two sheets, not measured from the center but from edge to edge).50 Figure 1.2. depicts all areas of
interest when looking at these types of materials.

Figure 1.2. Picture of a stacking single layers within a solid.

Layered materials can be grouped into three distinct categories, all of which are based on the
properties that define the layer: thickness, the nature of the layer (organic or inorganic), and net
charge. Thickness has a direct relationship to rigidity, which is a key property when studying the
strength within layered materials. This can be subdivided into three other classes: atomic
monolayer, few atoms thick, and many atoms thick.50 The second type of classification,
organic/inorganic layer, defines the nature of the layer as either organic, inorganic, or a hybrid of
both. The nature of the layer can be useful for applications such as grafting where one must have
compatible molecules to be grafted into the interlayers of the material.51-52 Finally, classification
based on the charge of the layers, charged or neutral, can also play an important role when
synthesizing these materials. Uncharged layers can be further sub-classified into two more
categories: conductors and insulators. Examples of a conducting type material and an insulating
type would be graphite and hexagonal boron nitride (h-BN, also called white graphite),
respectively.50, 53 Charged layers can either be positive or negative, which in turn can form anionic
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or cationic layers. These layers have specific counterions in the interlayer, which acts as a
neutralizing artifact to help stabilize the charge of the layer. Examples of anionic layered material
include graphite oxide, titanates, niobates, manganates, and perovskites,54 whereas cationic
materials consist of phosphonates, double hydroxide, and hydroxide salts.55
Layered materials have been studied extensively since they can incorporate a wide variety of
organic/inorganic species within their interlayer.56 The resulting new host-guest materials can lead
to new chemical, physical and optical properties.57-59

1.5. Potassium Hexaniobate
Potassium Hexaniobate, K4Nb6O17, is a layered material, which contains negatively charged
co-planer layers of corner- and edge-sharing NbO6 octahedra. This structure allows for the
exchange of cations within the interlayer spacing.60 The unit cell of K4Nb6O17 is orthorhombic,
and the stacked layers produce two distinct regions, labeled I and II (Figure 1.3.).
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Figure 1.3. Crystal structure representation of K4Nb6O17.

Figure 1.4. TEM images of K4Nb6O17 in its (A) nanosheet, (B) nanoscroll, and (C) nanocomposite
(nanopeapods) forms. (Materials fabricated in this research).
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These two regions are crystallographically distinct from each other and can display unique ion
exchange properties. Typically, depending on the cation charge and experimental conditions, ionexchange reactions can occur within interlayer I. This is because interlayer I can be hydrated and
produce hydrogen bonds, which are weaker than the ionic bonds located in interlayer II (produced
by K+ and oxygen atom interaction).61 K4Nb6O17 can be converted to a protonated state by
treatment with a mild acidic solution, partially exchanging K+ ions with H+ ions (HxK4-xNb6O17).
Reactions with this protonated state have been studied using, but not limited to, alkylammonium
hydroxides solutions. One example is the use of tetrabutylammonium (TBA+) hydroxide solution
as an exfoliant.27,

62

The products of this reaction include intercalated materials that have

alkylammonium ion between the niobate layers and a dispersion of niobate nanosheets.
The nanosheets can then react further to produce either empty nanoscrolls or nanoscroll
composites (Figure 1.4). Nanoscrolls are 1D nanomaterials with unique properties and applications
that include enhanced mechanical strength, unusual confinement effects, intercalation, and/or ionexchange properties, and catalytic activity. Materials that can exhibit scrolling behavior are not
limited to just hexaniobate; other active materials include graphene63, V2O564, TiO265, and
Ruddlesden-Popper66 and Dion-Jacobson67 type perovskites. K4Nb6O17 nanosheets have been
studied for their use as nanocomposites (nanopeapods) and UV-light driven photocatalyst in water
splitting.68-69 Upon exfoliation with tetraalkylammonium ions, exchange of surface groups can
occur and, depending on the relative amount of surfactant, the resulting reaction leads to the
formation of simple multiwalled nanoscrolls (SNS)70-71 or intercalated multiwalled nanoscrolls
(INS).72 INS have larger interlayer spacing due to the larger surfactant molecules, often alkylamine
ions, that attach to the surface of the nanosheet. This larger spacing leads to the formation of a
spiral-like multilayered scroll structure. Figure 1.5 shows the difference between SNS and INS.
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SNS contains smaller TBA+ ions on the surface of the sheets, therefore the interlayer spacing is
smaller in SNS versus INS. The smaller interlayer spacing produces single layer cylindrical
structures. Normally, solvothermal27 methods are implemented when producing these materials,
but more recently, microwave methods have also been used.68 These techniques are effective in
minimizing unwanted impurities and allow the use of an array of low boiling organic solvents.

Figure 1.5. Images of both (A) simple multiwalled nanoscrolls and (B) intercalated multiwalled
nanoscrolls (INS). Smaller TBA+ ions on the surface of the sheets in SNS (A) cause the interlayer
to be smaller than that of INS (B). This can be seen in the interlayer spacing difference between
(A) and (B).
1.6. Nanopeapods
As mentioned before, a nanocomposite is a structure that is composed of two or more different
types of nanomaterials. Typically, a combination of both 0D and 2D structures are used in the
formation of nanopeapods composites. INS and SNS hexaniobate nanosheets provide ideal
structures for the encapsulation of nanoparticles within their hollow center. The term
“nanopeapods”, stems from the concept of a “pea”, being the nanoparticle (NP), and the “pod”,
the scrolled nanosheet which contain several NPs in an ordered array. These nanopeapods have
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been studied because of their importance in fundamental science and technological applications,
some of which include enhanced photoresponse73, improved electrochemical properties74, and
chemical sensing based on surface-enhanced Raman scattering (SERS).75

Figure 1.6. Image of the formation of nanopeapods.

Previous methods in achieving hexaniobate nanocomposites involved the use of solid-state
reactions and a subsequent exfoliation-restacking route.76 At the time, this method showed good
photocatalytic activity however, the resulting product was lacking in morphological uniformity
and required lengthy reaction times. For this reason, more optimized methods have been developed
when synthesizing nanocomposites; solvothermal and microwave methods have been explored as
more facile routes in nanocomposite synthesis.
Nanopeapods are composed of three parts: outer surface, interlayer area, and inner surface, as
shown in Figure 1.5. One of the projects that our group focuses on is the optimization of the
synthesis of nanopeapods, the ability to tune all three parts. Also, when making nanopeapods under
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certain conditions, nanoparticles tend to align themselves within the inner surface. The ability to
control this alignment is also key to synthesis optimization. Incorporation of metal oxides or
organic molecules in nanocomposites has shown improvement in electric, catalytic, optical and
magnetic properties.18-19, 77-79
It is possible to further enhance these properties by varying the composition of the peapod,
making a binary system of NPs as opposed to a single type of NP. Synthesis of nanopeapods can
also include solvothermal and microwave methods. However, other methods of synthesis are also
available, and these include atomic layer deposition80, electrodeposition81, vapor-liquid-solid82,
and chemical vapor deposition83. Synthetic pathways to produce nanopeapods still need much
more attention. One of the significant challenges is the control of both the pea and pod formation
mechanism. These issues could be resolved by further investigation in the encapsulation
techniques.

1.7. Nanoparticles
0D nanoparticles have been studied extensively due to their unique properties and
applications84-86, including catalysts87, magnetic data storage88, solar cells89, sensors90, lithium-ion
batteries91, and medicine92. When exploring synthetic routes for nanoparticles, one of the main
goals is to decrease the dimensions of these structures to examine the correlation between size and
properties. Morphology of NPs plays a crucial role in defining the properties that material can
possess. Some nanoparticles have a spherical morphology, which can sometimes lead to high
surface energy, making the NP unstable.93 Properties are not only directed by these two factors,
surface structure and compositions can also play key roles in their behavior. Nanoparticles can
come in all shapes and forms, made with different types of materials as well. Metal oxides that
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have a cubic-perovskite structure show very unique electronic, magnetic, and optical properties
such as ferroelectricity94, piezoelectricity94, magnetoresistivity95 and nonlinear optical
coefficients.96
Nanoparticle synthesis can take two main routes, “top-down”97 or “bottom-up”98 approaches.
The top-down process involves the use of bulk material and breaking it down into nano form.
Methods for this type of reaction include mechanical milling99, electron beam lithography100,
etching101, and laser ablation.102 The inverse can be observed for the bottom-up approach. In this
style, atoms or small molecules are seen as building blocks for an array of nanomaterials, not only
0D nanoparticles, but also 1D to 3D materials. Synthetic methods for this style include
hydrothermal/solvothermal, reduction, combustion, precipitation, co-precipitation, sol-gel, and
microwave-assisted. The bottom-up approach is more desirable due to the fact that quality
monodispersed NPs can be chemically produced via a homo/heterogeneous nucleation and growth
process from liquid/vapor phase.

1.8. Barium Titanate Nanoparticles
A typical perovskite has the composition ABX3, where A and B are metal cations (A is larger
than B in most cases) which surround X, an anion.103-104 Figure 1.6 highlights the structure of a
simple perovskite, BaTiO3.105 The A and B sites are both cations, barium, and titanium,
respectively, and the X site is oxygen. Barium has a coordination number of 12 and is surrounded
by 8 TiO6 octahedra residing in the corners of the unit cell.106
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Figure 1.7. Crystal Structure of BaTiO3. Red orbs are Ba atoms, blue is Ti and maroon is Ba.

BaTiO3 (BTO) has been one of the most extensively studied ferroelectric perovskites ever since
the discovery of its ferroelectricity in the 1940’s.107 BTO displays very unique properties other
than ferroelectric such as dielectric and piezoelectric properties as well.108 Additionally, BTO has
been incorporated in a wide variety of electronic components, including thermistors, sensors,
electro-optical devices, and multi-layer ceramic capacitors (MLCCs).109 The properties of BTO
are size-dependent, where properties differ in the bulk material relative to particles at the
nanoscale. Some of the properties impacted include dielectric and piezoelectric coefficient, the
Curie temperature, mean polarization, the area of the hysteresis loop, and coercive electric field to
name a few.110-111 The enhancement of the properties at the nano level provides significant benefits
such as suppressing energy consumption and extending the service life of devices.
Ferroelectric materials are distinguishable from ordinary dielectrics materials because of two
factors: (I) their extremely large permittivities and (II) retainment of residual polarization after an
13

applied voltage has been turned off. Dielectrics have a linear relationship when it comes to
polarization and voltage. As the voltage increases, so does the polarization, and upon a decrease
in voltage, a corresponding decrease in polarization occurs. This is different when it comes to a
ferroelectric material. Upon the increase of voltage, an increase in the polarization can be seen,
but the same cannot be said when the voltage is decreased. The hysteresis that is observed displays
a saturation of the polarization at high field strengths and a remnant polarization, which decreases
after saturation. In order to reduce the polarization back to zero, a reverse field is required: this is
known as a coercive field. Figure 1.7 shows the details of the hysteresis loop that is produced for
a ferroelectric material. BTO is one such example that can exhibit similar hysteresis loops when
exposed to an electric field.

Figure 1.8. Representation of a hysteresis loop produced from ferroelectric materials.
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1.9. Spin-Crossover
The term spin-crossover (SCO) is derived from the fact that certain molecules have the ability
to switch between electronic spin states.112 These spin states can be classified into two main
categories: high-spin (HS) and low-spin (LS). Switching between these two spin states is
determined by the external stimuli applied to the sample. These include temperature113, magnetic
fields114, electrical fields115, pressure116, etc. Compounds containing octahedral iron normally
display this SCO phenomenon due to the distribution of electrons in the d orbitals. Additionally,
compounds that display SCO behavior are typically associated with a ligand that has additional
electron that can interact with the degenerate d-orbital electrons of iron, thereby splitting the
energy levels of the orbitals. This concept of splitting the orbitals is also known as crystal field
theory.117-119 The orbitals in an octahedral field split by energy Δ into two different sets of energy
levels, the doubly degenerate eg and the triply degenerate t2g. The t2g level contains the lowerenergy electrons of the d orbitals (dxy, dxz and dyz), whereas the eg level contains the higher energy
electrons (dz2 and dx2-dy2). Based on the ligand that is attached or the external field that is applied,
the spin state of Fe(II) can change to a low or high spin state (Figure 1.8).
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Figure 1.9. Energy level difference between HS and LS states.

The difference in the spin states also plays a crucial role in defining the magnetic behavior of
the material. In the LS state, there are fewer unpaired electrons because the difference between the
energy levels is large favoring the pairing of electrons. Low-spin state d6 materials usually exhibit
diamagnetic behavior because of the lack of unpaired electrons. In the case of the HS state, the
energy level difference (Δ) between the eg and t2g levels is significantly less. This allows unpaired
electrons to also populate the eg levels, rather than pairing up in the t2g levels. High spin state
materials have more unpaired electrons that can respond to external stimuli or complexing ligands
to produce paramagnetic properties.
The synthesis of these SCO materials can vary depending on the identity of the ligand that is
being attached to the metal. A suitable solvent must be taken into consideration for the ligand to
effectively bind to the metal. The solvent of choice must be compatible with that being used for
the iron component as well. The synthesis of these compounds can be straightforward, requiring
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the use of an iron salt hydrate and the selected ligand in a 1:3 or higher ratio.24, 112, 120-121 The
heating regimen also plays a very important role in the formation of the products; this is because
0D (nanoparticles) or 1D (nanorods) structures can be formed at different temperatures.24 The most
widely used solvents in regard to these types of synthesis include pure alcohols or a water mixture
with methanol or ethanol in a 1:1 ratio.122-123 One thing to note is that the amount of lattice water
within the products can be critical to SCO behavior, although water loss does not necessarily
suppress the occurrence of this behavior in all cases.120

1.10. Oxynitrides
Perovskite oxynitrides, ABO2N and ABON2, have been studied for their novel properties that
are not seen within their simple oxide forms. Such properties include visible-light photocatalyst124125

, dielectric126-127, and colossal magnetoresistivity.128-129 In the formation of a perovskite

oxynitride, nitrogen is typically substituted for oxygen in the three-dimensional simple ABO3
perovskite structure by thermal reaction with ammonia.130-132 The resulting material from this
reaction produces oxynitrides that have smaller band gaps than oxides of similar composition. This
is because of the relatively high energy of the nitrogen 2p states that reside at the top of the valence
band.133-135 The oxide counterparts to some of these oxynitrides are good ultraviolet (UV) water
splitting photocatalysts due to their large band gaps, though these larger band gaps preclude
significant photoactivity in the visible part of the spectrum.136
As mentioned, the majority of perovskite oxynitride syntheses occur with ammonia at elevated
temperatures. This is normally done with ammonia gas running through a tube furnace containing
the oxide sample. Depending on the temperature, the oxide can be converted to an oxynitride. This
reaction with ammonia is called an ammonolysis. In general, non-topochemical ammonolysis
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reactions require high temperatures (800 -1000 oC). For example, BaTaO2N is synthesized with
this process using stoichiometric mixtures of the starting materials, BaCO3 and Ta2O5, at 950-1000
o

C.127 These high temperatures can also be a limiting factor when it comes to certain transitions

metals where NH3 decomposes to give N2 and H2 gas. Niobium is a transition metal that is easily
reduced by H2. When dealing with certain perovskites such as potassium hexaniobate,
ammonolysis is an option for the conversion to an oxynitride, but the temperature must be
monitored. H2 gas reduces Nb5+ to Nb2+-/3+. For example, Nb2O5 (Nb5+) is reduced to a rock salt
version, NbOxNy (Nb2+/3+), in the presence of high temperatures and H2, which is not
photoactive.137-138 Figure 1.9 shows an example of an oxynitride system using BaTiO2N system.

Figure 1.10. Crystal structure of BaTiO2N system. Grey spheres represent a mixture of both
oxygen and nitrogen in the same atomic position (composition will vary based on sample).
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Another feature in perovskite oxynitrides is that the total anion content is (almost) 3.139 An
example of this would be given the cation choices of (A, B) = (Sr, Nb), (La, Nb) and (La, Ti), the
resulting oxynitrides would be SrNbO2N, LaNbON2, and LaTiO2N, respectively (apart from a
small deviation from stoichiometry for the anion).140 This contradicts most oxide perovskites
(ABO3) whose anion content can vary based on the A and B cations. Additionally, this behavior
can yield anion vacancy ordered structures, some examples include the brownmillerite structure
ABO2.5 or the infinite layer structure ABO2.141 Reasons for the existence of the vacancies within
oxynitrides still need further investigation though some theories suggest that lower diffusion rates
of N3- vs O2- may introduce kinetic limitations during the ammonolysis process.142 The B cations
constituting most oxynitrides demonstrate strong affinities toward octahedral anion coordination.
This may play a specific role in limiting anion deficiency.136, 139, 143

1.11. Characterization Techniques
It is important to have the ability to create these nanomaterials, but it is also equally
important to know their properties. This is where characterization methods come into effect.
Based on the material that is being analyzed, specific techniques must be used in order to verify
that target compounds have been produced and to determine the various attributes such as
composition profiles and surface morphologies.

1.11.1. Transmission Electron Microscope
Electrons are used vastly in many types of characterization methods due to the variations of
energy that can be generated. They can be produced in many different ways, but typically only two
methods have been used widely, thermionic emission and field-effect emission. Thermionic
emissions produce electrons via a heated wire or crystal, whereas field-effect emission uses a
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single crystal in an intense electric field under ultrahigh vacuum. Electron microscopy uses the
latter of the two to provide information about the morphology, structures, and compositions of the
samples.144-146 Depending on the magnification that is being used, the application of electron
microscopy technique can be classified into two main categories: stationary beam methods and
scanning beam methods.145 Stationary beam methods, as the name implies, uses a stationary
electron beam where the sample moves instead of the beam. Examples of this method include
transmission electron microscopy (TEM), high-resolution electron microscopy (HREM),
reflection electron microscopy, electron energy-loss spectroscopy, and Lorentz microscopy.
Scanning beam methods use a moving electron beam in order to raster over a sample, in this case
samples can be stationary or mobile. Examples of this method include scanning electron
microscopy (SEM), scanning reflection microscopy and scanning transmission electron
microscopy (STEM).147-149 Figure 1.10 shows the resolution range of some of the methods that
were mentioned. Sensitivity and cost increase when dealing with higher-resolution methods.

Figure 1.11. Resolution range for various microscopy methods. Sensitivity and cost increase when
going to higher resolutions.
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Electron microscopes follow the same principles as your standard optical microscope: Visible
display of structure that the naked eye cannot see. An electron beam is used in electron microscopy
(TEM and HREM) as opposed to a light source in an optical microscope. Depending on the
thickness of the sample, this electron beam can penetrate and interact with the electrons of the
sample, thereby producing structural and compositional information.145 TEM and HREM
techniques use diffracted electrons produced from the electron beam interacting with samples in
order to form images. The difference between the two is that HREM has the capability to image
bulk structures at high resolutions (~ 1 Å).150-152 SEM falls under the umbrella of the scanning
beam methods. Here, the electron beam acts as a pen that traces over the sample. The electrons
interact with the surface of the sample producing an energy loss due to the beam-matter interaction.
This energy difference is then used to provide morphological and compositional data of a sample.
In terms of resolution, SEM falls lower than TEM and HREM (Figure 1.10 shows this resolution
range) but, it very useful and widely used when studying morphology and the 3D shape of bulkier
samples.145 An important analytical tool that can be coupled with both TEM and SEM is called
energy dispersive spectroscopy (EDS). Here, compositional information can be obtained based on
the energies of the X-rays emitted from the ejections of secondary electrons.145, 147, 149, 153 An
example of a transmission electron microscope can be seen in Figure 1.11
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Figure 1.12. Joel 2010 high-resolution microscope equipped with a Gatan slow scan chargecoupled device camera and operated at an accelerated voltage of 200 keV.
1.11.2. Atomic Force Microscopy
EM methods are great for imaging, but when coupled with atomic force microscopy (AFM),
additional benefits can be obtained, such as topographical data, mechanical properties, chemical
properties, and in some cases (larger samples), crystalline structures.148,

154-155

AFM uses a

mechanical tip (cantilever) to physically trace over a sample. A laser is used to determine the
amount of force that tip exerts on the surface of the sample. This can then give information such
as height profiles and phase diagrams, which cannot be so easily accessible via TEM. AFM can
operate in two distinct modes: AC or dynamic mode and DC or static mode. AC modes use a
vibrating cantilever in which the amplitude and the frequency can both be modulated. DC modes
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apply a more stationary cantilever-surface interaction, amplitude, and frequency can still be
modulated in this mode as well.155 Both these modes can be classified further based on contact and
non-contact approaches. In contact mode, the repulsion of the tip is measured as it comes in contact
with the surface of a sample. This interaction can produce two types of data: constant force (where
height data is interpreted from the piezo-drive force on the tip) or constant height (where height
signal is obtained from the deflection of the cantilever interaction with the surface). Non-contact
approaches study the attraction of tip-surface interactions. In this mode, the tip oscillates at a
certain resonance frequency (different tips have different frequencies), and as it passes over certain
areas, this frequency changes. The differences in the change of the frequencies are then collected,
and topological data can then be obtained, among other data sources.148 Tapping mode is another
contact mode approach (an intermittent contact mode). In this mode, the tip is oscillating at a
certain setpoint amplitude, which changes whenever it comes in contact, periodically, with the
surface. This change then produces a signal which in turn gives topographic information on the
surface of the sample.156-159 This method is known as a “soft’ approach due to the fact that it is not
always in full contact with the sample as with other contact modes. The periodic “tapping” of the
surface allows this method to be ideal for samples whose surface artifacts are very delicate. Figure
1.12 has an example of an AFM.
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Figure 1.13. Asylum Research MFP-3D Atom Force Microscope. Equipped with HVA220
Amplifier for PFM analysis. Capable of in air tapping mode topography.

Piezo force microscopy (PFM) or piezo-atomic force microscopy, another technique under the
AFM family, is very useful when studying samples that display ferroelectric properties.160-161
Resolution with this technique can reach up to 10 nm. When it comes to obtaining topographic
information, this method may not be useful as it uses a lock-in amplifier as opposed to one that
can be modulated. The polarization of certain ferroelectric materials can also be modified with this
method by use of an electric field. PFM utilizes a conductive tip, normally in contact mode, to run
over a sample. A voltage is applied between the tip and the bottom electrode, which in turn,
produces an electrical field that can cause piezoelectric deformation on the surface of a
ferroelectric sample.148 This deformation is measured by the deflection of the tip as it meets the
surface.
Generally, PFM has been used in a more qualitative approach since it can yield information
about domain size, domain stability, correlation between domain behaviors, switching behaviors,
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and inhomogeneities in grain boundaries.148, 160-161 Attempts have been made to quantify the results
(determining the magnitude of the piezoelectric constant), but the lacking knowledge on the
behavior of the electric field and the complex tip-sample interactions, have made this a difficult
task.

Figure 1.14. Basic Principles of PFM. Top image shows no contact and resulting in no deformation
of the surface. Below, an either negative or positive biased tip in contact with an either up or down
polarized domain.
1.11.3. X-ray Crystallography
When picking a source (X-rays, neutrons, and electrons) in the analysis of structural properties
of materials, most diffraction techniques utilize X-rays (e.g., X-ray diffraction, XRD), as they are
the low cost and non-destructive.162 These X-rays are produced in a vacuum-sealed environment,
where an anodic metal target (Cu) is bombarded with accelerated electrons.50,

149, 163-165

The

interaction of the electrons and the metal target ionizes the 1s electrons of the target allowing
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electrons from the 2p or 3p orbitals to occupy the newly vacated energy levels. Electrons that
transition from either the 3p to 1s or 2p to 1s are normally accompanied by the release of specific
X-ray wavelengths, such as CuKβ (1.3922 Å) or CuKα (1.5418), respectively.149 Kα radiation is
commonly used and this is selected typically by the use of a metal filter (Ni) or a monochromator.
In the diffraction experiment, X-rays exiting the source hit atoms within the sample under
investigation, this interaction vibrates the electrons in the atoms, which then re-emit in phase Xrays that are collected by the detector.163-164

Figure 1.15. Phillips X'Pert X-ray powder diffractometer with a θ-2θ setup.

The diffraction angle at which the X-rays leave the sample plays a crucial role in characterizing
a material. Bragg’s law relates diffraction angle, radiation wavelength, and lattice spacing and is
defined as:
𝜆 = 2𝑑𝑠𝑖𝑛𝜃
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Where λ is the wavelength (measured in Å), d is the interlayer spacing between the parallel layers
of atoms and θ is the angle at which the incident X-rays hit the sample. Diffraction can only occur
when the distance traveled by the X-rays reflected from successive planes differs by a complete
number of wavelengths. This can only be achieved when a monochromatic X-ray beam with a
wavelength, λ, is incident on the lattice planes in a crystal at a certain angle, θ. When θ is scanned
to various angles, Bragg’s law conditions can be satisfied for materials whose d spacing, or lattice
plane, are arranged randomly (polycrystalline material).162 Certain powder XRD instruments are
arranged in such a way that the sample stage remains stationary and both the detector and X-ray
tube move simultaneously over θ values (θ – θ geometry). Other designs can have the X-ray source
being stationary with both the sample and detector moving in varied θ (sample) and 2θ (detector)
values, respectively (θ - 2θ geometry).164 Plotting the intensities and angular positions of the
resulting diffraction peaks produces diffraction patterns that are unique to the sample. When a
sample has more than one phase, diffractograms contain contributions from the individual patterns.
An XRD can also be carried out at various temperatures on a high-temperature stage. This is useful
for samples which exhibit reversible and irreversible structure changes upon heating.166-168
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Figure 1.16. Bragg's Law derivation for X-ray diffraction. Constructive interference from a set of
parallel planes with an interlayer spacing of d.

1.11.4. Thermal Analysis
Thermal analysis (TA) studies specific properties within a sample as a function of temperature
by either cooling or heating the sample in a controlled fashion.169-170 The properties that can be
measured using TA analysis can include temperature difference, weight change, heat flow,
mechanical strength, electric and magnetic. The most commonly used TA instrumentation can be
split into three different categories: thermogravimetric analysis (TGA), differential thermal
analysis (DTA), and differential scanning calorimetry (DSC).149, 169, 171-172 TGA measure properties
that deal with weight differences as a function of temperature, DTA measures temperature
differences and DSC measures the heat flow within a sample. TGA methods focus on the thermal
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stability of the material, understanding the point at which a sample becomes volatile or where
sensitive weight loss or weight gain occurs, with the use of variable temperature in specific
atmospheres (inert or oxygenated). This method is important when studying the oxygen intake in
the conversion of an oxynitride to an oxide in an oxygen-rich environment.

Figure 1.17. TA instrument SDT Q600. TGA-DTA capable of measuring both weight changes
from sample and reference arms. Also, measurements of heat flow via DSC capabilities.

Certain thermal events have no accompanied weight change (melting, crystallization, or glass
transition) associated with them; therefore, techniques such as DTA and DSC are essential as they
study thermal differences between the sample and the standard pan.169 DSC measures heat flow
corresponding to reactions and phase changes. This can be indicated as exothermic or endothermic
events within the thermogram and can highlight any hysteretic behavior when combined heating
and cooling profiles are obtained, as seen in Figure 1.17.
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Figure 1.18. Raw data of thermal analysis. (A) DSC thermogram obtained as a sample underwent
three consecutive thermal hysteretic cycles. Peaks pointing up indicate endothermic events as the
temperature increases within the material. Downward peaks indicate exothermic events as
temperature decreased. (B) DTA thermogram showing both weight loss and gain as the
temperature is increased to 1000 oC.

1.11.5. Superconducting Quantum Interference Device and Variable Sample
Magnetometer
One way of studying magnetic behavior within a sample is with the use of a superconducting
quantum interference device (SQUID). This instrument is very sensitive and can study very minute
magnetic moments.173-175 Certain samples may not produce magnetic moments at room
temperature; therefore, the SQUID also has the capabilities of measuring magnetic moments at
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both high or cryogenic temperatures. SQUIDs operate under the bases of two physical phenomena:
Josephson tunneling and flux quantization. The Josephson tunneling, first coined by Brain D.
Josephson in 1962176, is a term used to describe the current that passes through two
superconducting loops that are separated by a thin insulating or non-superconductive barrier (also
known as the Josephson Junction). SQUIDS can then be grouped into two types, DC or RF
SQUIDS, based on the amount of Josephson Junction present inside the instruments. 175 RF
SQIUDS consist of only one Josephson Junction on the superconducting loop, whereas DC
SQUIDS have two parallel Josephson Junction on the loop. It is of note that DC SQUIDS are far
more sensitive and expensive instruments due to the double Josephson Junctions present. As long
as the magnetic flux (magnetic field) of as superconducting loop is quantized, where h/2e (h is
Planck’s constant and e is electronic charge), flux quantization is possible within the Josephson
Junction.173

Figure 1.19. Image of parallel Josephson Junctions located within a SQUID
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Another way of studying magnetic behavior can be with the use of a vibrating sample
magnetometer (VSM). VSM operates under the principle of Faraday’s law of induction, which
states that a changing magnetic field will produce a corresponding electric field. This electric
output can then be measured and relay information about the changing magnetic field.177-180 A
sample is placed under a constant magnetic field; if the sample is magnetic, magnetization will
occur by aligning the magnetic domains (or individual spins) with the field.181 The stronger the
constant field that is being applied to the sample, a larger magnetization will be produced. A stray
magnetic field is then produced when the magnetic dipole moment of the sample creates a
magnetic field around it. As the sample vibrates, the stray magnetic field is constantly changing as
a function of time and is detected by a set of pick-up coils. The alternating field that is produced
creates an electric field within the pick-up coils (according to Faraday’s law) that is proportional
to the magnetization of the sample.

Figure 1.20. MicroMag VSM equipped with a MicroMag furnace vacuum monitor and gas
flow controller (heating unit).
32

These methods can then be used to produce important data on the magnetic properties of the
sample. These properties can include diamagnetism, paramagnetism, and ferromagnetism.
Diamagnetic materials are not readily attracted to a magnetic field (and in some cases, are repelled
by the field). They have a negative susceptibility and do not retain magnetic properties once the
external field is removed. Diamagnetic properties are due to the lack of unpaired electrons within
the degenerate energy levels of samples.182-184 Paramagnetic materials are slightly attracted to the
field and show positive susceptibility. Similar to diamagnetic materials, they do not retain
magnetic properties once the field is removed. Paramagnetic properties are due to the presence of
unpaired electrons that can be found in the higher degenerate energy levels in a sample.184-186
Ferromagnetic materials, similar to ferroelectric materials, can produce a magnetic hysteresis loop
by its ability to retain its magnetic properties even when then field is no longer present. The
magnetic behavior is due to unpaired electrons that contribute to the net magnetic moments. These
moments align themselves in a parallel fashion, which allows the magnetic domain to be strong.184,
187-188

When ferromagnetic systems become demagnetized, these moments become random, and

the net magnetic moments of the system becomes zero.

1.11.6. Spectroscopy Techniques
Most, if not all, spectroscopic techniques are based on the concept of emission or absorption
of some form of photo energy by materials. The energy produced from these materials is
normally in the form of electromagnetic radiation, where the resulting data (spectra) is plotted as
intensity of absorption or emission (normally and arbitrary unit) versus the energy (wavelength
or frequency).149 Figure 1.20 shows a wide variety of analysis techniques that are used over a
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range of electromagnetic radiation levels.189-193 As the energy level increases from 10-4 to 106
kJ/mol, the amount of information that is obtained from a sample is also increased as well.
Lower energy level techniques, such as microwaves, can only cause molecular rotations with
little or no actual absorption within molecules. Mid-range energy level techniques, such as
infrared, can allow for absorption/emission within compounds and also cause vibrational motions
within atoms. Higher-level techniques such as ultraviolet (UV), visible, and X-rays can have
interactions with the electrons within atoms and allow for electronic transitions to occur as
well.192, 194-195

Figure 1.21. Some spectroscopic methods based on the frequency/energy level of the
electromagnetic radiation involved.
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1.11.7. Ultraviolet-visible Spectroscopy
As the name states, the ultraviolet-visible (UV-vis) spectroscopy technique uses energy levels
that range from the near IR to the ultraviolet range (1014- 1017 Hz, encompassing the visible
spectrum).196-198 Exploiting these higher energy levels, it is possible to study the electronic
transitions in the material.190, 199-201 There are four main ways that electronic transitions can occur
in certain materials: excitation of an electron within the same atom from one orbital to a higher
one (exciton band), elevation of an electron from a localized orbital to a delocalized energy level
(conduction band), transfer of an electron in an atom to the higher energy orbital of an adjacent
atom (charge-transfer), and the most widely studied transfer is the excitation of an electron from
the valence band to the conduction band (band gap measurements).189, 199 Sample normally used
in these methods are liquids due to the fact that wavelength source must be able to pass through
the sample to the detector. A reference sample, empty or with a background, is then used to
compare the difference between the two samples and then a spectrum is produced based on the
difference of the sample and the reference. The spectrum is plotted as intensity versus wavelength,
as with all spectroscopy techniques listed so far. When dealing with solid samples a different
approach is needed. Diffuse-reflectance UV-vis spectroscopy studies the radiation that is emitted
from the reflected from the surface of the sample.202-205 The reflected data is then treated in a
similar fashion as with the data obtained from the liquid samples.
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Figure 1.22. Cary500 UV-Vis-NIR Spectrophotometer equipped with a diffused reflectance
apparatus for powdered samples.

1.11.8. Vibrational Spectroscopy
All atoms have the possibility of vibrating. These vibrations normally occur the range of 10 12
– 1013 Hz within solids and molecules.206-209 Vibrational spectroscopy methods involve the use of
radiation or energies that can excite the vibrational modes to higher levels within these
structures.189-190, 192, 199, 210 Each of these vibrational modes, once excited, can give information that
defines specific structures in certain compounds. In the technique IR/ FT-IR, the incident radiation
produces an electric vector that can interact and be absorbed by an oscillating molecular dipole,
which changes its frequency.192, 194, 210-211 The change in the frequency is then picked up by a
detector that then displays data as a plot of the intensity of radiation absorbed (or transmitted)
versus the frequency (or wavenumber) of the radiation. Raman techniques use slightly higher
energies (fixed wavelength using a laser) than that of IR/FT-IR techniques.191, 195, 212-213 The use of
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higher energies allows for further interaction within the sample, in addition to the changes of the
frequencies via radiation on the vibration modes. Raman uses the inelastic scattering of the incident
photon, which is then followed by the change in frequency. These changes produce a spectrum
that is based on peaks whose frequencies show shifts from that of the incident beam. The peak
shifts are equivalent to the frequencies of the molecular vibrations of the sample being measured.
This is also known as the Stokes or anti-Stokes peak shifts, where energy is either lost by a photon
being emitted or gained when a photon is being absorbed, respectively.190, 192, 199, 210 It is of note
that when dealing with Raman or IR methods, polarizable bonds can only undergo inelastic
scattering in a certain wavenumber (Raman) and polar bonds in structures are usually detected
through their specific absorption frequencies (IR). The combination of both these methods can
shed more detailed insight on a structure as opposed to just the use of one. Samples must meet
specific requirements as well, such as being IR active or Raman active.

Figure 1.23. Thermo DXR3 Raman Microscope.
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1.12. Outline of Current Research
The focus of this dissertation is on the synthesis and characterization of nanomaterials,
including nanocomposites (combination of both nanoparticles and nanopeapods), spin crossover
nanoparticles, and layered oxynitride materials. The research of these projects started in 2015 with
the idea of possible synthetic routes in the fabrication of various nanoparticles using solvothermal
methods. By modification of these solvothermal techniques, it was possible to tackle the synthesis
of

the

various

systems

(BaTiO3

and

K4Nb6O17).

Spin

crossover

nanoparticles

([Fe(Htrz)2(trz)](BF4)) used a different approach in synthesis and in some characterization. These
systems used additional magnetic analysis in conjunction with optical, X-ray, and thermal analysis.
An oxynitride variant of K4Nb6O17 was also sought and investigated to determine bandgap
information regarding the newly formed systems. Chapter 2 of this work goes into detail regarding
the synthesis and characterization of the BaTiO3 and K4Nb6O17 nanopeapod (nanocomposite).
TEM analysis confirms the successful encapsulation of the ferroelectric nanoparticles. Chapter 3
shows the results of the synthetic pathways that were used to create a wide variety of spincrossover nanoparticles (nanorods to nanoparticles). Also, this chapter looks at the stability of spin
crossover-type materials when undergoing switching behavior from low spin to high spin states.
Chapter 4 highlights the synthesis via ammonolysis of an oxynitride variant of potassium
hexaniobate and includes TGA analysis of phase changes and weight gains when converting back
to an oxide. Concluding remarks are presented in Chapter 5.
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Chapter 2. Synthesis of Barium Titanate Nanopeapods via
Solvothermal Reaction with Oleylamine and Oleic Acid

2.1. Introduction
Two-dimensional nanostructures have been sought for a variety of reasons including
surface functionalization1-3 and the formation of nanocomposites with 0D nanoparticle materials
to develop novel structures with unique properties.4-6 It is known that certain nanosheets have the
ability to form scrolls. Nanoscrolls are 2D structures that have a range of applications in advanced
materials and assembly.7-11 Some examples of compounds that can scroll include TiO212,
graphene13, WS214, V2O515, K4Nb6O175 and Ruddlesden-Popper16 and Dion-Jacobson17 type
perovskites. These types of nanomaterials have been studied due to their enhanced mechanical
strength, atypical trapping behaviors as well as their applications in areas such as ion exchange,
intercalation reactions, organic-inorganic composite materials and heterogeneous catalysis.18-20
Scrolling can also allow to the production of nanocomposites via the controlled capture of specific
guest compounds, which can lead to new materials with enhanced properties.21
K4Nb6O17 is a layered compound that is biocompatible, chemically stable and displays
characteristics of a wide-band semiconductor.22 Hexaniobate nanosheets have also been shown
evidence of photocatalytic activity under UV-light.23-25 The scrolling phenomenon seen in
K4Nb6O17 has been studied for its nanomechanical properties.5 The encapsulation or in-situ growth
of nanoparticles within the hollow spaces of the scrolls is essential when looking at the
advancement towards nanodevices. The term “nanopeapod” refers to a two-part nanocomposite
system of nanoparticles (pea) and nanoscrolls (pod). When nanoparticles arrange themselves on
the inside hollow portion of the scroll, they create these nanocomposites. The confinement of
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different nanoparticles having varied properties, different from that of K4Nb6O17, can lead to the
development of novel structures that exhibit new properties. Some materials have already been
reported including those that exhibit surface-enhanced Raman scattering (SERS)26, photonics, or
nanodevices in chemical sensing.27
Nanopeapods (NPPs) may have several defining characteristics that can be modified such
as shape, size, structural uniformity, various interlayer distances, types of confined nanoparticles,
and filling fraction of the nanoparticles. Fabrication of new NPPs holds both fundamental and
practical importance in various applications. Synthetic routes in the formation of NPPs have
already been reported by different groups.6, 21, 28-37 Some of these methods may also contain certain
limitations such as application to only select combinations of nanocomponents, long processing
times, high costs, negative environmental impact, and not readily scalable for bulk synthesis.
Exfoliation and scrolling of K4Nb6O17 using tetrabutylammonium hydroxide (TBAOH) and
concurrent capture or subsequent growth of various NPs offers a controlled method of the synthesis
of these NPPs.6, 33 Manipulation of the exfoliation process with different surfactants can introduce
varied molecular functionalities to the NPPs systems.
The type of nanoparticle that is introduced in the system plays a significant role in the
defining characteristics of the NPP. Barium titanate (BaTiO3) is a perovskite type material that is
well known for its ferroelectric properties and its incorporation in many devices.38 Some BaTiO3
applications include multi-layer ceramic capacitors (MLCCs)39, electrooptical devices40,
piezoelectric actuators41, and gas sensors42. BaTiO3 nanoparticles have been synthesized by a
variety of methods including co-precipitation43, sol-gel44, hydrothermal45 and solvothermal
methods.46 Nanoparticles with sizes that range from ≤ 15 nm have the potential to be encapsulated
within hexaniobate nanoscrolls. Our group has already synthesized multiple NPP structures.6, 30,
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32-34, 47

Herein, we first report the encapsulation perovskite NPs; using a modified solvothermal

method, cube-shaped BaTiO3 NPs are readily captured within hexaniobate nanoscrolls.

2.2. Experimental
Reagents. Potassium carbonate (K2CO3, 99%) and niobium oxide (Nb2O5, 99%) were acquired
from Alfa Aesar. Oleylamine (OAm, technical grade, 70%), oleic acid (OAc, 99.8%), sodium
hydroxide pellets (NaOH, ACS grade), barium nitrate (Ba(NO3)2, 99%), butanol (ACS reagent,
99%), decanol (99%), titanium (IV) butoxide (reagent grade, 99%), toluene (certified ACS, 99.8%
anhydrous), acetone (certified ACS, 99%) and tetrabutylammonium hydroxide (TBAOH) 30hydrate were purchased from Sigma-Aldrich. Deionized water was obtained via reverse osmosis.

2.2.1. Barium titanate nanoparticles
BaTiO3 nanoparticles (NPs) with sizes ranging from 10 – 13 nm were synthesized via
known solvothermal methods48 in a stainless-steel autoclave (Parr model 4749A) with a PTFE
liner. NaOH (12.5 mmol) was added to distilled water (2 mL) in vial (I) and Ba(NO3)2 (1 mmol)
was added to distilled water (3 mL) in vial (II). A mixture of oleic acid (2.5 mL) and butanol (2
mL) were prepared separately, vial (III), and decanol (3 mL) was added to titanium (IV) butoxide
(1 mmol) in vial (IV). The vials were combined in the reverse order in which they were made, i.e.
(III) to (IV), (II) to (IV), and (I) to (IV). The resulting white mixture was stirred vigorously for 5
mins via magnetic stirring. This was then transferred to a Teflon-liner and placed into the stainlesssteel autoclave. The autoclave was sealed, and the mixture was heated to 180 °C for 18 hours.
Nanoparticles were collected, washed 3 times with toluene via centrifugation (6000 RPM) for 10
minutes, and dispersed a non-polar solvent (toluene).
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2.2.2. K4Nb6O17
Crystalline samples of layered K4Nb6O17 were prepared using a high-temperature ceramic
method.5 K2CO3 and Nb2O5 (molar ratio 1.4:1) were placed in a ball mill with a stainless steel
planetary cell (50 mL). Zirconia ball medium (10 balls, 5 mm) were added to the cell and placed
in a ball-mill (Spex Industrial Inc, Spex Mixer 8000) for 15 minutes. After the allotted time, the
mixture was then placed in an alumina crucible. An initial excess of 10% K2CO3 was included to
compensate for the volatilization during high-temperature synthesis. This mixture was heated at
900 οC for 1 hour and cooled to room temperature. A further 10% of K2CO3 was then added to
prevent the formation of potassium-deficient phases. The mixture was milled again for 15 minutes.
The sample was placed in an alumina crucible where it was heated for 2 days at 1050 οC, followed
by 1 hour at 1100 οC. The sample was cooled to room temperature, washed via vacuum filtration
with deionized water (twice) and water/acetone (once), and then dried overnight at 75 οC.

2.2.3. Acid exchange of K4Nb6O17
In order to obtain the proton-exchange form of hexaniobate, HxK4-xNb6O17, 1 g of
K4Nb6O17 powder was treated with 8 mL of a 6 M HCl in a stainless-steel autoclave (Parr model
4749A) with a PTFE liner and heated at 90 οC for 2 days. The product was then washed via
centrifugation (6000 RPM) for 10 minutes with deionized water (twice) and water/acetone (once)
and dried overnight at 75 οC.
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2.2.4. Solvothermal preparation of BaTiO3@hexaniobate nanopeapods
0.1 g HxK4-xNb6O17, 0.2 g TBAOH, 5 mL OAm, 2 mL OAc, and 3 mL of toluene were
added to a PTFE Teflon liner and stirred for 1 hour at room temperature. After the mixture was
stirred, 50 mg of BaTiO3 NPs were dispersed in 2 mL of toluene via sonication (2 minutes) in a
separate vial and added to the HxK4-xNb6O17 mixture. The liner was then transferred to a stainlesssteel autoclave (Parr), sealed, and heated to 220 οC for 6 hours. The resulting product was washed
with toluene (3x) and separated via centrifugation (13000 RPM). It was found that solid precipitate
that collected at the bottom of the centrifugation tube consisted mainly of nanopeapods. For this
reason, studies were done mostly on sample collected from the lower region of the tube. Other
reactions were also tested to determine the optimal synthesis conditions. These other reaction
conditions can be found in Table 2.2

2.2.5. Characterization
The morphologies of the products were characterized with a JEOL 2010 transmission
electron microscope (TEM) operated at an accelerating voltage of 200 kV and equipped with a
Gatan slow scan CCD camera and an EDAX Genesis energy dispersive spectroscopy (EDS)
system. TEM images of NPPs were analyzed with the ImageJ software to find interlayer spacing
values of the multiwalled barium titanate@hexaniobate nanopeapods, determine inner and outer
NPP diameters, calculate filling fractions for the NPPs, and size determination of the BaTiO3
nanoparticles. X-ray diffraction (XRD) data was collected for the host, protonated hexaniobate,
and barium titanate nanopeapods on a Philips X’Pert diffractometer utilizing Cu Kα radiation (λ =
1.5418 Å) and a curved graphite monochromator at a voltage of 45 kV and a current of 40 mA.
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2.3. Results
Barium titanate nanoparticles. BaTiO3 NPs, synthesized via a modified literature
procedure,48 exhibited a cubic shape with an average length of ~12-14 nm (13±2); TEM images of
the BaTiO3 NPs are shown in Figure 2.1a along with a size distribution diagram (Figure 2.1b).

Figure 2.1. Barium titanate nanocubes. (A) Monodispersed cubic particles can be seen in the TEM
images. (B) Size distribution of 200 measured particles indicates that the cubes had an average
size of 13 ± 2 nm in length.

The observed XRD patterns for the BaTiO3 particles can be seen in Figure 2.2a along with
reference pattern for bulk BaTiO3 in Figure 2.2b. The observed data is in good agreement with the
reference. Line broadening is consistent with the smaller sized BaTiO3 nanoparticles. A slight
zero-shift in the data is due to sample displacement.
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Figure 2.2. XRD patterns for barium titanate nanoparticles. (A) Observed XRD for barium titanate
nanoparticles synthesized. (B) Reference XRD pattern of bulk BaTiO3 (PDF #01-075-0213)
material.

BaTiO3 hexaniobate nanopeapods. Varied synthetic routes were investigated to the
determine the optimal NP composition for capture within the hexaniobate nanosheet system.
Synthesis of BaTiO3 NPs required the use of oleic acid as the surfactant whereas the formation of
nanoscrolls required the use of on oleylamine surfactant. Oleylamine readily reacts with oleic acid
located on the surface of the particles resulting in extensive NPP agglomeration. Therefore,
adjusted ratios of the surfactants were used in the preliminary searches for the optimal NPs. Table
2.1 highlights the varied synthetic routes used in these early studies. Both oleic acid and
oleylamine were used as surfactants within some of the NP variations and the resulting NPs can
be seen in Figure 2.3.

58

Table 2.1. Table showing the different ratios of oleylamine versus oleic acid that were when
designing a compatible barium titanate particle for hexaniobate nanoscrolls.
Sample
1
2
3
4
5

Oleic Acid
Ratio (%)
0
50
100
100
60

Oleylamine
Ratio (%)
100
50
0
0
40

Solvent
Toluene
Toluene
Hexane/Ethanol
Hexane
Toluene

Figure 2.3. Examples of the various barium titanate nanocubes that were made. (A) Sample 1 from
Table 1 shows particles that were very large and spherical. These particles were made with
oleylamine. (B) Sample 2 from Table 1 contains particles that vary in shape and size. Some of the
particles are cubic while others are spherical.

Nanoscrolls can form with varied length, typically between 0.1-1 μm with 2 to 6 inner
spiral layers, wall thicknesses of 10-20 nm, and inner diameters ranging from 10-25 nm. Therefore,
the size of the BaTiO3 NP that were required for encapsulation had to range from 10-15 nm.
Varying the surfactant concentration produced BaTiO3 NPs that had either extremely large or small
sizes which could not be used in the NPP formation. Figure 2.3 shows the TEM images of the
various particle sizes that were achieved. Particles that were synthesized without the use of oleic
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acid, Sample 1, were large (> 20 nm, Figure 2.3a) and had spherical morphologies. Whereas
particles that were synthesized using a 50:50 mixture of both surfactants, Sample 2 (Figure 2.3b),
had a range of sizes from 8 – 50 nm with various morphologies. Earlier methods of NPP
fabrication6 worked well with NPs that contained the same surfactant as the nanoscrolls. This can
be seen with other studies done within the group where oleylamine was the surfactant when making
the NP of choice.6, 33-34, 36 A different approach was then taken, where modification of the NPP
system was studied as opposed to the modification of the NP. Oleic acid and oleylamine were
modified in various ratios to determine the most suitable system where for optimal encapsulation.
These synthetic pathways can be seen in Table 2.2.
Table 2.2. Table highlighting all the major synthetic routes that were taken when optimizing the
formation of BaTiO3@hexaniobate nanopeapods. The final reaction, Reaction 14, was the ideal
sample, producing the most encapsulation.
Reaction Oleic Acid
Ratio
(mL)

Oleylamine
Ratio
(mL)

Solvent

Stir
(mins)

Particles
Present

Oven
Time
(hrs)

Oven
Temp.
(οC)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0
2
2
1
4
0.5
5
2
2
2
1

5
3
3
4
1
5
2
3
3
5
5

Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Hex/EtOH
Hexane
Toluene
Toluene

2
2

5
5

60
60
60
60
60
60
60
60
60
5
60
4320
60
60

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

6
10
8
6
6
6
6
6
6
6
6
0
6
6

220
220
220
220
220
220
220
220
220
220
220
N/A
220
220

Water
Toluene
Toluene
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Figure 2.4. Various attempts at making barium titanate nanopeapods. Agglomeration and loosely
formed scrolls can be seen throughout all three images. (A) Reaction 9 mostly contains empty
nanoscrolls with few nanoparticles. (B) Reaction 8 was heavily agglomerated with BaTiO3
nanoparticles. (C) Reaction 5 showed loosely formed scrolls not suitable for encapsulation.

Other attempts at NPPs synthesis were done with different factors such as reaction time,
surfactant amount, type of solvent, and mixture times. Details on the various reaction conditions
can be seen in Table 2.2. The preliminary reaction condition (Reactions 1-9) did not show any
success at encapsulation. Figure 2.4 highlights some of the images that were collected for some of
the attempts of NPPs using some of the reaction conditions in Table 2.2. Heavy agglomeration and
loose forming scrolls can be seen throughout all early attempts at encapsulation. The production
of NPP is not only influenced by the amount of surfactant, NPs size, type of solvent, and reaction
time but also other factors such as the presence of TBAOH, the type of surfactant, and reaction
temperature play crucial roles. Within this study, TBAOH is the exfoliating agent, separating the
sheets from each other while oleylamine and oleic acid play dual roles as intercalant and surfactant.
NPP formation is dependent on these reagents, if not present, NPPs will not form. To better
understand these limitations, experiments were performed in a water-based system without the use
of the surfactant. Formation of nanoscrolls were seen using this non-surfactant method but the
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resulting scrolls were not tightly wound and subsequent reactions to form NPPs were not
successful. Figure 2.5 shows the attempt that was made using this water-based system.

Figure 2.5. Figure showing water-based encapsulation attempt of barium titanate nanocubes within
hexaniobate nanoparticles. Empty scrolls can be seen throughout the sample. Heavy agglomeration
of barium titanate nanoparticles is observed. This is due to hydrophobic surfactant and charge on
the surface of the particles that cause them to agglomerate to one another.

Another study was also conducted on how stirring affected the production of NPPs. Figure
2.6 shows the TEM images of a samples that were synthesized using various stir times before the
addition of BaTiO3 NPs. Samples that underwent typical NPP synthetic route (Figure 2.6b), 1 hour
stirring with particles inside total synthesis mixture before heating, showed agglomeration of NPs
and low amounts of encapsulated nanoparticles. When the system was stirred for only 5 mins
(Figure 2.6a), evidence of the agglomeration was still present with some encapsulation as well.
The addition of particles after the 1 hour stir time resulted in NPPs that showed a significant
increase in encapsulation (Figure 2.6c) and decrease in the agglomeration present between the
nanoparticles.
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Figure 2.6. Figure showing the effects of stirring before heating when synthesizing
BaTiO3@hexaniobate nanopeapods. (A) Reaction 10, sample was only stirred for 5 minutes with
barium titanate particles inside. (B) Reaction 13, sample was stirred for 1 hour with particles inside.
(C) Reaction 14, sample with stirred for 1 hour without the particles added. After the 1-hour time
passed, sonicated particles were added in before heating occurred.

Reaction 14 was highly reproducible. Figure 2.7 presents the morphology of a typical high
yield BaTiO3 NPP sample. BaTiO3 NPs with sizes ranging from ~8-11 nm were ideal candidates
for the NPP system that was used. The optimal synthetic route used a surfactant ratio of 1:0.4 (5
mL:2 mL) of oleylamine to oleic acid with particles being added in after the 1 hour stirring stage.
Figure 2.7 shows and image of another set of NPPs using the same conditions done in Reaction
14. The right side of Figure 2.7 contains some of the dimensions of the NPPs such as spacing
within the scroll layers(3.5 nm), distance between particles in the peapod (2.7 nm), and the size of
a typical BaTiO3 NP (8.2 nm). Additional images for other systems can be seen in Figure 2.8.
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Figure 2.7. BaTiO3 nanopeapods made using the optimal synthetic pathway in Table 2.2, Reaction
14. Left. Image of four nanopeapods next to each other. Right. Higher magnification image shows
the scroll layer spacing, interparticle distance, and a typical size of nanoparticles located within
the hexaniobate nanoscroll.
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Figure 2.8. Additional BaTiO3@hexaniobate samples. (A) Shows the capture of larger BaTiO3
particles. (B) An exceptionally long (> 1 μm) NPP is observed. (C) Two rows of encapsulated
BaTiO3 nanoparticles can be seen in the center of the nanoscroll.

Observed XRD patterns for the NPPs are shown in Figure 2.9a with corresponding
reference patterns for both BaTiO3 NPs and potassium hexaniobate nanoscrolls, Figures 2.9b and
2.9c, respectively. Comparing Figures 2.9a and 2.9b, evidence for the BaTiO3 NPs can be seen in
the NPP sample, though the potassium hexaniobate is more dominate in the pattern. The peaks
located in the lower angle reflection of Figure 2.9a and 2.9c are the “fingerprint” regions of the
scrolls. Each one of the peaks in this area is indicative of the intercalated area of the scrolls. This
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area along with the TEM images gives strong insight to the formation of the intercalated
nanopeapods.

Figure 2.9. Observed XRD patterns of the (A) synthesized BaTiO3@hexaniobate nanopeapods,
(B) barium titanate nanoparticles that were used in the synthesis, and (C) observed pattern of
potassium hexaniobate scrolls alone.

NPPs produced contained a certain number of NPs based on the length of the nanoscroll,
10 NPs for the smaller scrolls (which ranged 150 nm in length) to 70 NPs for larger scrolls (over
1 μm in length) with an interparticle space of about 2-3 nm. Additional NPPs made using Reaction
14 can be seen in Figure 2.8 showing variations of the sizes on NPPs obtained and the amounts of
particles located inside. Figure 2.8b has a NPP with a length of over 1 μm and contains around 70
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BaTiO3 encapsulated nanoparticles. If particles with sizes less than 10 nm are encapsulated, there
is a chance that the particles can align themselves in two separate rows. This can be seen in Figure
2.8c (inset) where particles with sizes of 8 nm are seen in two separate rows.

Figure 2.10. Overall statistics obtained from NPPs produced after successful replication of
Reaction 14 from Table 2.2. Average particle size located within the scrolls were 10 ± 2 nm with
an average of 27 ± 14 particles encapsulated. These particles also had an average spacing of 3 ±
0.7 nm.

Overall statistical values for the amounts of nanoparticles inside the scrolls and the spacing
between them can be seen in Figure 2.10. Using these statistical values, it was possible to obtain
filling fractions for these newly developed NPPs. The filling fraction was measure for 150 NPPs.
Pie chat shown in Figure 2.11 shows the distribution of all NPPs that were considered. Majority
of the NPPs were filled above 70%.

67

Figure 2.11. Pie chart showing the filling fractions of the BaTiO3@hexaniobate NPPs with 150
NPPs considered. Calculations based on volume occupied by particles inside scrolls.

2.4. Discussion
Both TBAOH and the surfactants (oleylamine and oleic acid) are essential to the formation
of the NPPs. TBAOH provides the necessary exfoliation needed from the nanosheets and the
surfactant aids in the functionalization of both the NPs and nanoscrolls. BaTiO3 NPs are made in
a system where oleic acid is used as the surfactant. Attempts were made to replicate these particles
using oleylamine, but this yielded NPs whose sizes were greater than 20 nm (Figure 2.3a). The
difference between oleic acid and oleylamine are the functional group located at the head of the
aliphatic chain. Oleic acid has a carboxylic acid group where as oleylamine has an amine group.
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Substitution of the amine group with the carboxylic acid functional group on oleic acid changes
the size and morphology of the BaTiO3 NPs produced. Another system was made where both oleic
acid and oleylamine were used as the surfactant in the NP synthesis. Table 2.1 shows the ratios of
the surfactants that were used. The sizes of these NPs were very broad, ranging from ~8-20 nm.
These particles also were not successful in being encapsulated. The solvent system in which the
NPs were made were also modified as well. Synthetic procedures of BaTiO3 NPs called for the
use of toluene. Here we substituted hexane for toluene and a mixture of hexane/ethanol. Both
systems yielded nanoparticles whose sizes were within the range of ~9-14 nm. Again,
encapsulation attempts using different solvent combinations were not effective (Figure 2.4b). For
these reasons, attempts to alter the NPs were no longer pursued and the focused was shifted to the
modification of the nanoscroll synthesis.
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Figure 2.12. (A and B) Encapsulation attempts using a mixture of hexane and ethanol, instead of
toluene, as the solvent when synthesizing BaTiO3@hexaniobate nanopeapods. (C and D) This
sample used pure hexane as the solvent for the synthesis instead of toluene.

An understanding of the scrolling process is important when attempting to modify their
production. Investigation on bulk hexaniobate nanoscrolls systems5 revealed that instead of the
nanoscrolls being produced from individual exfoliated nanosheets, they develop from larger
hexaniobate crystallites, which are broken off during synthesis. Results from our group’s time
dependent studies show evidence of the partial formation of nanoscrolls on the surface of the
hexaniobate nanosheet with typical sizes of the crystallites being as much as 50 μm on an edge,
but resulting in nanoscrolls which are much smaller in length.33 Other factors that influence the
size of the nanoscrolls include temperature, pressure, the rate of scrolling, the type of surfactant
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used to aid in intercalation, and the presence of any structural defects on the nanosheets
themselves.
Previous successful NPPs syntheses, especially in in situ methods, contained a stirring step
within the synthesis before the actual heating phase.33 Stirring aids in the initial reaction of the
nanosheets with the exfoliants and surfactant. Hexaniobate nanosheets are attached to a layered
crystallite before exfoliation. In the crystal, only the edges and top and bottom layers are
considered to be reactive. This exfoliation is concurrent to scrolling which is aided by the long
chain surfactant used in the synthesis. Depending on the type of exfoliant and surfactant, one can
modify how many interlayers the resulting nanoscroll can obtain. However, when synthesizing
NPPs, the nature of the NP must also be taking into consideration. The surfactant used in producing
BaTiO3 NPs is oleic acid. Hexaniobate nanoscrolls are made in a system that uses oleylamine as
the surfactant. Oleic acid, as the name suggests, is an acid, while oleylamine is a base. The
synthesis of hexaniobate nanoscrolls also uses TBAOH, which is used as the exfoliant and is also
a base. Hexaniobate nanoscrolls are made in a system that is very basic as opposed to BaTiO3,
which is acidic.
During the initial formation of hexaniobate nanoscrolls or NPPs, 1 hour stirring phase
before heating, TBA+ ions react with the negatively charged edges of the nanosheets. This reaction
separates a sheet from either the top or bottom of the crystallite and starts the initial scrolling step.
Oleylamine is then introduced in the now revealed layer to further the scrolling and creating the
interlayer spacing within the nanoscroll. This overall system is very basic due to both TBAOH and
oleylamine being present at the same time. If a NPs is being introduced, whose nature is not basic,
this can cause change in the initial reaction of the development of the NPPs. BaTiO3 NPs are coated
with a layer of oleic acid.
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Attempts made with these NPs, using the initial 1 hour stir, produced very little NPPs and
a larger amount of agglomeration was visible between the NPs (2.4a). The same particles were
used in a similar synthesis where the system was stirred for only 5 mins followed by a heating
phase. An increase in the number of the NPPs produced was seen (Figure 2.6a) however, the
agglomeration within the particles was still present but not as significant as the previously. This
was then followed by a third attempt in which the NPPs were synthesized just as the nanoscrolls,
but the NPs were added in after the 1 hour stirring before being placed in the oven. The results of
this led to a significant increase in NPPs produced with a large reduction in the amount of
agglomeration seen within the NPs. Figures 2.7 and 2.8 highlights the various replicated attempts.
To understand the mechanism behind the formation of the NPPs using this method, it is
important to consider how oleic acid and oleylamine function in the presence of one another. The
reaction of both oleylamine and oleic acid in a 1:1 molar ratio has already been explored and
documented.49-50 When oleic acid is added to a system of oleylamine (carboxylic acid vs amine)
in a 1:1 ratio, the carboxylic acid group deprotonates in the presence of the amine. This then forms
a carboxylic anion which has a high electron donating ability. Additionally, another product of this
reaction is a quaternary ammonium cation which can readily accept electrons. Equation 1 shows
the overall scheme of the reaction that takes place.
C17H33COOH + C18H35NH2 → C17H33COO- + C18H35NH3+

(1)

BaTiO3 NPs are made using oleic acid as the surfactant. When these particles are added to
a NPPs synthesis without the presence of any oleic acid, oleylamine in the system reacts with the
oleic acid on the NPs. Oleic acid which was on the surface of the particles are no longer present
leaving exposed facets of the NPs. These exposed facets can then react with oleylamine which
leads to growth and agglomeration of the particles. This would explain the low yield in initial
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attempts making BaTiO3 NPPs. The addition of oleic acid to the system increased the amount of
NPPs obtained but agglomeration was still visible. When the sample is stirred for 1 hour prior to
heat treatment, this aids in the exfoliation and preliminary scrolling of the nanosheets. However,
when having both oleic acid and oleylamine in the system while stirring, the formation of Equation
1 will also be present. The oleic acid surrounding the particles and the free oleic acid react to form
both anions and cations which react with the BaTiO3 NPs but as not severely. This is the reason
why an increase in NPPs was observed but with a heavy presence of agglomeration still.
When BaTiO3 particles were added in after the 1 hour stirring and then placed in the oven,
there was a significant increase in the amount of NPPs products with hardly any agglomeration.
The main contributing factor when taking this route was that the nanosheets had enough time to
react with oleylamine to start the initial scrolling process. With the now exposed nanosheets now
reacted with the majority of the excess oleylamine, BaTiO3 NPs were encapsulated. The lack of
free oleylamine led to a decrease in Equation 1 which did not react with the oleic acid on the
surface of the NPs.

2.5. Conclusions
In summary, barium titanate nanopeapods have been prepared by solvothermal methods
using a mixture of oleic acid and oleylamine. BaTiO3 with sizes measuring 11 nm were
successfully encapsulated within hexaniobate nanoscrolls. Attempts at making BaTiO3
nanoparticles with the use of just the surfactant, oleylamine, that is implemented when making
nanoscrolls proved to be unfruitful in the production of nanopeapods. Particles that were made
using oleylamine had average sizes of around 50 nm, not suitable for encapsulation. Similarly, the
use of oleic acid when synthesizing hexaniobate nanoscrolls, led to the formation of loose, non-
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uniform scrolls. Oleic acid and oleylamine share a unique relationship where one can react with
the other to form compounds, which can readily react with the surface of the BaTiO3 nanoparticles.
This reaction can then lead to the formation of agglomeration within the BaTiO3 nanoparticles that
isolates them together not allowing for encapsulation to occur. Stirring of the starting materials is
essential for the initial scrolling process to take place. However, as the results showed, the addition
of the particles too early within this step led to heavy agglomeration in the resulting attempt at
encapsulation. This was due to the oleylamine reacting with the oleic acid on the surface of the
particles. The addition of the particles after this stirring phase proved to be ideal to avoid the
potential agglomeration and to still allow the preliminary scrolling process to occur. For these
reasons, the ratio system of both oleic acid and oleylamine was used in the overall nanopeapods
synthesis but with strict control over the timing of NP introduction in the process. The overall
loading of the BaTiO3 nanopeapods had an average of 63%. The successful encapsulation of
BaTiO3 nanoparticles within hexaniobate nanoscrolls has added another valuable composite to the
nanopeapod system. BaTiO3 unique ferroelectric nature and K4Nb6O17 properties which make it
an ideal wide band semiconductor, has the potential to produce a hybrid system than can be used
in future technologies.
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Chapter 3. Synthesis and Chacterization of
[Fe(Htrz)2(trz)](BF4)] Nanocubes
3.1. Introduction
The spin transition phenomenon, also called spin-crossover (SCO), was originally
observed more than 85 years ago.1 Since that time, there have been numerous studies on
compounds that can undergo this spin transition phenomenon.2-14 A spin transition is an example
of bistability at the molecular, and even the nano level due to the stable supporting ligands. The
ability for a compound to be stable in two different states makes it ideal as a molecular switch in
various devices such as displays, data storage devices, mechanical actuators, and optical sensors.
In this field of SCO materials, one compound has been identified as ideal for applications due to
its wide hysteretic behavior demonstrated above room temperature: Iron triazole complex,
[Fe(Htrz)2(trz)](BF4)] (Htrz = 1H-1,2,4-riazole and trz = deprotonated triazolato(–) ligand).
This bistable SCO compound [Fe(Htrz)2(trz)](BF4)] can exist in two interchangeable states
under certain external stimuli. The electronic configurations of the Fe(II) in this system can be
switched between low-spin and high spin states, using stimuli such as temperature15, light
irradiation15, and magnetic fields.8 This spin transition from low to high spin or vice versa, leads
to significant changes of various properties within the material including optical, magnetic,
mechanical and electrical characteristics.10 The transition in Fe(II) compounds is associated with
diamagnetic to paramagnetic switching as well.15 Triazole ligands provide ligand-field strengths
around Fe(II) ions that are sufficient for the occurrence of SCO.16-19 These ligands can also provide
chemical flexibility, while supporting the 1D coordination chains of Fe(II) through triple N1, N2triazole bridges (Figure 3.1).20 It is this short, rigid though strain-less system that allows triazole
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1D SCO Fe(II) systems to be so stable at both low and high spin states. Bulk SCO materials are
typically insulating and their electrical properties have been ignored until recently with the
emergence of nanoscale SCO materials.21

Figure 3.1. Left, triazole ligand with nitrogen at the 1 and 2 position coordinated to two
separate Fe(II) cores. Right, geometry of the N1, N2 triazole triple bridge that supports the 1D
coordination chains of the structure.

The majority of Fe(II) SCO compounds have been studied at the bulk level (large micronsized crystals). There has now been a push to study SCO molecules at nanoscale level to determine
if there is a significant change in their properties when compared to bulk. The first attempts at
SCO nanoparticles were obtained using triazole based coordination polymers via a reverse micelle
technique.22-23 Forestier et. al. used [Fe-(atrz)3]2+ derivatives and Lauropal as the surfactant
producing 69 nm spherical particles22, while Conorado et. al. fabricated [Fe(Htrz)2(trz)](BF4)]
spherical 15 nm particles using sodium dioctyl sulfosuccinate23. Both systems showed slightly
reduced variations in spin transitions temperatures and hysteresis widths, when compared to bulk
materials. There are some simulated data and discussion in regards to what is the lowest
nanoparticles size, 10 nm, for which a cooperative SCO can be seen.24 One of the main concerns
is that as particles continue to shrink in size, greater aggregation occurs. This aggregation may
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have strong influences on the magnetic properties of the nanoscale systems.8 Herein, we discuss
the synthesis of [Fe(Htrz)2(trz)](BF4)] nanoparticles via a reverse micelle synthesis using TergitolNP9 as surfactant. Tergital-NP9 proved to be necessary in the size control of [Fe(Htrz)2(trz)](BF4)]
nanocubes producing particles with an average size of 43 nm. Both thermal and magnetic analysis
provided insightful data on the spin transition temperature which occurred around 100 οC for low
spin to high spin and 65 οC for high spin to low spin transitions. These spin transitions occur at
lower temperature when compared to bulk material8, 14, 25 and other nanoparticles made with
different starting materials.22-23

3.2. Experimental
Materials. Tergitol-NP9 (non-ionic poly(oxyethylene), surfactant), Iron (II) tetrafluoroborate
hexahydrate (Fe(BF4)2 ּ• 6H2O, 97%), 1,2,4-triazole (98%), L-ascorbic acid (ACS reagent, 99%),
and ethyl acetate (ACS reagent, 99.5%) were purchased from Sigma Aldrich. Distilled water was
obtained via reverse osmosis.

3.2.1. Synthesis of [Fe(Htrz)2(trz)](BF4)] nanoparticles
Synthetic procedures were adapted from the reverse micelle method already described in
literature.8 Two micellar solutions were prepared separately with a surfactant amount fixed at
75% excess of the solvent. In the first solution, Fe(BF4)2 ּ• 6H2O (3 mmol) and ascorbic acid (10
mg) were added to distilled water (1 mL). The solution was stirred until the compounds
dissolved; this was then followed by the addition of Tergitol-NP9 surfactant (4 g). In the second
solution, 1,2,4-triazole (9 mmol) was added to distilled water (1 mL) and stirred until all
compound dissolved. Tergitol-NP9 (4 g) was then added to the second solution after stirring. The
separate micelle solutions were then stirred and heated to 80 οC for 15 minutes. The two
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solutions were quickly combined, and the mixture was stirred for 1 hour at room temperature and
pressure. The reaction was stopped by adding ethyl acetate (particle sedimentation). The
nanoparticles appeared as a violet precipitate obtained after the first wash/separation and
centrifugation (13,000 rpm) with ethyl acetate (10 minutes). Wash/separation steps were
repeated three times under the same conditions. Particles of other sizes were also created by
varying the amount of ascorbic acid, preparation time, and reactant concentrations (Table 3.1).

3.2.2. Characterization
The morphologies of the products were characterized with a JEOL 2010 transmission
electron microscope (TEM) operated at an accelerating voltage of 200 kV and equipped with a
Gatan slow scan CCD camera and an EDAX Genesis energy dispersive spectroscopy (EDS)
system. TEM images of NPPs were analyzed with the ImageJ software to find the dimensions of
the spin crossover nanoparticles. X-ray diffraction (XRD) data was collected for the various size
particles on a Philips X’Pert diffractometer utilizing Cu Kα radiation (λ = 1.5418 Å) and a
curved graphite monochromator at a voltage of 45 kV and a current of 40 mA. Simulated XRD
patterns were created using Crystal Maker for Windows for both the high spin and low spin
states of [Fe(Htrz)2(trz)](BF4)].14 Magnetic measurements were carried out using both a
MicroMag VSM equipped with a MicroMag furnace vacuum monitor and controlled gas flow,
and a Quantum Design MPMS3 SQUID-VSM. Thermal hysteresis data was obtained via a TA
instrument SDT Q600 TGA-DSC capable of measuring both weight changes and heat flow from
sample and reference arms.
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3.3. Results
Synthesis. Adaptation of the reverse micelle methods using Tergitol-NP9 as the surfactant
and ascorbic acid as a mild reducing agent, lead to the formation of cubic nanoparticles iron
triazole, [Fe(Htrz)2(trz)](BF4)], with an average size of 49 ± 4 nm (Figure 3.2). In addition to the
dominant cubic shape of the particles, other irregularly shaped particles were also observed under
TEM imaging, Figure 3.2a and 3.2b

Figure 3.2. [Fe(Htrz)2(trz)](BF4)] nanocubes synthesized using the optimal method developed
by adaption of a known reverse micelle method. (A and B) are from the same sample and separate
cubic particles can be noticed along with some agglomerated particles as well. (C) is the particles
distribution for the average diameter of the nanoparticles obtained in (A) and (B).

To achieve [Fe(Htrz)2(trz)](BF4)] nanocubes a variety of parameters were studied. Table
3.1. highlights the systematic pathway that was developed to achieve optimal conditions for the
growth of the cubic structures. Adjustments of the reaction time, reaction temperature, and
surfactant ratio impacted size and morphology of the nanoparticles. If the system exceeds the
optimal conditions to produce nanocubes (Reaction 9), nanorods are formed at varied lengths
(Reactions 1-8). Nanorod sizes for various reactions can be seen in Table 3.1. TEM images of
some of these nanorods can be seen in Figure 3.3.
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Table 3.1. Table showing the systematic pathway that was developed to determine the optimal
method of the production of [Fe(Htrz)2(trz)](BF4)] nanocubes. Reaction 9 was used for the
synthesis of the nanoparticles seen in Figure 3.2.

1
2
3
4
5
6
7
8
9

Fe(BF4)2
(g)

Triazole
(g)

Solvent
(mL)

0.675
0.675
0.360
0.360
0.360
0.360
0.360
0.360
1.08

0.414
0.414
0.220
0.220
0.220
0.220
0.220
0.220
0.660

1.6
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Tergitol
NP9
(g)
0
4
4
4
4
4
5
10
4

Ascorbic
Acid
(mg)
0
50
10
10
10
3
10
10
5

Separate
Stir Time
(mins.)
0
0
0
5
5
5
5
5
15

Separate
Stir Temp.
(οC)
N/A
N/A
N/A
25
25
25
25
25
80

Reaction
Time
(mins.)
1440
1440
5
1440
5
5
5
5
60

NPs
Length
(nm)
476 (rod)
309 (rod)
800-73
200 (rod)
150 (rod)
N/A
200 (rod)
N/A
49 (cubes)

Figure 3.3. TEM images of [Fe(Htrz)2(trz)](BF4)] nanoparticles from various reactions in
Table 3.1: (A) Reaction 1 (B) Reaction 3 (C) Reaction 6 (D) Reaction 2 and (E) Reaction 4. Heavy
agglomeration can be found in (B) due to the short time allotted for the reaction time. More defined
nanoparticles can be seen in (D) and (E). Amorphous particles can be seen in (C) where 3 mg of
ascorbic acid was used.
The role of the surfactant was found to be critical to directing the morphology and size of
[Fe(Htrz)2(trz)](BF4)] nanoparticles. Initial reaction conditions, with a 24-hour reaction time and
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no surfactant, led to the formation of large nanorods with an average length of 476 ± 65 nm,
average width of 135 ± 33 nm, with varied morphologies and agglomeration (Figure 3.3a). Smaller
nanorods, with average lengths of 309 ± 44 nm and widths of 45 ± 12 nm, were obtained under the
24-hour reaction time (Figure 3.3d). Judging the length of nanorod produced by the 24-hour
synthesis, systematic changes were made to the reaction time and the amount of ascorbic acid so
as to produce smaller particles. A time of 5 minutes was allotted for the reaction and the amount
of ascorbic acid was reduced from 50 mg to 10 mg. This produced nanorods that had a wide variety
of sizes ranging from 800 to 73 nm in length (Figure 3.3b). Further modification of the reaction
scheme then involved the use of a preliminary stirring step (5 minutes) before the combination of
both starting materials. The resulting particles produced showed much more uniformity and
smaller sizes with average lengths of 150 ± 31 nm and widths of 56 ± 12 nm. Figure 3.4 shows the
TEM images and particle distribution analysis of these smaller particles using this preliminary
stirring.
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Figure 3.4. TEM images of particles that were obtained when precursors were separated within
different vials and stirred for 5 mins, Reaction 5. Both (A) and (C) are different samples that were
conducted with the same reaction conditions.

Given that Tergitol-NP9 reduced the size of the particles by 70%, modification of the
surfactant ratio was then conducted to determine if even smaller particles were possible. Original
surfactant requirements needed a fixed surfactant amount of 75% (4 g), this was adjusted to either
80% (5 g) or 90% (10 g). Particles that were made with a 80% fixed surfactant amount showed
much larger sizes (average lengths of 197 ± 44 nm) than those made with 75%. Using a fixed
amount of 90% of the surfactant led to the productions of partially formed nanoparticles.
Throughout Reactions 2-5, ascorbic acid amounts were kept constant at 10 mg. This amount was
then varied to determine any relationship to size control. Using less than 5 mg of ascorbic acid led
to irregular formations of particles, Figure 3.3c
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Based on all the previous modifications done in Reaction 1-8, a further heating phase was
implemented on Reaction 5 in the attempt to form smaller particles. Reaction 9 in Table 3.1 shows
the optimal conditions that were used to synthesize [Fe(Htrz)2(trz)](BF4)] nanocubes. TergitolNP9 was kept constant at 75% excess of the solvent amount, 1 mL of water as the solvent, and the
precursors, Fe(BF4)2ּ•6H2O and 1,2,4-triazole, were in a molar ratio of 1:3 respectively. The
amount of ascorbic acid used was 5 mg and this was based on the images that were produced
between Reactions 5 and 6, Figure 3.3c and 3.4a, respectively. Heating at 80 οC and stirring for 15
minutes of the separate vials before combination for a 1-hour reaction time, proved to be beneficial
to the overall synthesis of the nanocubes.
Diffraction analysis. Simulated data was used as a reference for the peak positions of the
observed XRD patterns of [Fe(Htrz)2(trz)](BF4)].14 The simulated data can be found in Figure 3.5
along with the observed pattern for the low spin state of [Fe(Htrz)2(trz)](BF4)] in Figure 3.6. In the
simulated data in Figure 3.5, the top spectra correspond to the low spin state and the bottom is the
high spin states. The only difference between the two is a left shift from low to high spin states.
This is accurate because when going from low to high spin states, there is a slight expansion of the
overall molecule. The observed pattern matches that of the simulated pattern for the low spin state.
The distinguishable peaks (2 0 0), (1 0 1), (3 0 1), (0 0 2), (4 1 0), (2 1 2), and (1 2 1), remained
the same in each of the reaction conditions and an XRD for Reaction 9 can be seen in Figure 3.6
with the simulated low spin data for comparison. There were no significant changes in the observed
XRD patterns for initial reaction conditions to that of the optimal synthesis. The peak broadening
that is observed in Figure 3.6 is because of the size of the nanoparticles. Sharp peaks are observed
in bulk crystalline samples whereas broader peaks are seen in nanoparticle samples.
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Figure 3.5. Simulated XRD pattern that shows both the low spin state (bottom) and the high
spin state (top). The difference between the low spin state and high spin state is a left shift when
the transition from low to high spin occurs.
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Figure 3.6. Observed XRD pattern for [Fe(Htrz)2(trz)](BF4)] at low spin states (blue) and the
simulated pattern (orange) as reference. Due to the nanoparticle nature of the system, defined peak
patterns were not possible to be acquired. Broad peak pattern can be seen at the lower angle
reflection which are in the same location for the simulated low spin XRD patterns.
Thermal analysis. Thermal analysis of [Fe(Htrz)2(trz)](BF4)] was carried out via TGADSC where both TGA and DSC data were collected on the thermal transitions between low spin
and high spin states. Figure 3.7a shows DSC corresponding to the thermal hysteresis of
[Fe(Htrz)2(trz)](BF4)] done in argon as it cycles three times from room temperature to 160 οC.
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Figure 3.7. TGA-DSC data obtained for [Fe(Htrz)2(trz)](BF4)] as it was thermally cycled three
times in an inert atmosphere. (A) DSC data on the phase changes as the sample is heated from
room temperature to 160 οC for a total of 3 cycles. (B) TGA data on the weight changes that
correspond to the 3 thermal cycles. Thermal hysteresis can be seen in (A) between the exothermic
(high to low spin state transition) and endothermic events (low to high spin transitions).

The biggest change in endothermic events can be seen between the first and the second peaks, 103
ο

C and 95 οC, respectively. This difference is due to residual Fe(II) complex that remains in the

high spin state even at room temperature.23, 26-27 Endothermic events following the second cycle
decrease at a slow and stable rate, 1 οC per cycle. The exothermic events tend to follow the same
trends as the second endothermic event onwards. Another endothermic event can be seen at 129
ο

C following the initial transition at 103 οC. This can be indicative of the loss of residual water

after the transition from low spin to high spin occurred.
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Figure 3.8. TGA-DSC data obtained for [Fe(Htrz)2(trz)](BF4)] as it was thermally cycled three
times in an atmosphere of 50% argon and 50% oxygen. (A) DSC data on the phase changes as the
sample is heated from room temperature to 160 οC for a total of 3 cycles. (B) TGA data on the
weight changes that correspond to the 3 thermal cycles. Thermal hysteresis can be seen in (A)
between the exothermic and endothermic events.

Figure 3.8a is another DSC data set that was collected for the same sample but was
conducted in an oxygen-rich atmosphere. The key difference between this sample and the one done
in argon is that the differences in the first and second endothermic peaks are much smaller. The
argon sample shows a difference of almost 10 οC whereas the sample in the mixed environment
had a difference of 5 οC. Exothermic events occur for the second and third thermal cycles also
display high transition temperature when compared to the inert samples.
Weight loss data can be seen in Figure 3.7b for the inert sample and Figure 3.8b for the
oxygenated sample. The only significant weight loss in both samples is seen after the first thermal
91

event which is around 3% and due to the loss of the surface water. As the sample continues with
the remaining thermal cycles, the weight loss continues to decrease at slower rates. If the sample
is exposed to temperature higher than 160 οC, sample degradation starts to occur and after the first
cycle, the sample is reduced to carbon. Initial attempts at thermal analysis using bulk
[Fe(Htrz)2(trz)](BF4)] samples that did not contain Tergitol-NP9 showed different trends to the
nanoparticles.
Figure 3.9 shows both DSC data and weight loss for bulk [Fe(Htrz)2(trz)](BF4)] conducted
in an inert atmosphere. Clear evidence is seen for higher transition temperatures when the sample
undergoes the low spin to high spin change. Transitions from high spin to low spin states also
show an increase in temperature when compared to the nanoparticle system. However, the
exothermic events are like those in Figure 3.8a which were nanoparticle samples conducted in an
oxygenated system. This would indicate that bulk materials and nanoparticles (in oxygenated
environments) have similar exothermic transitions when the spin states change from high spin to
low spin. Additionally, the weight loss seen in Figure 3.9b displays a smaller weight loss when
compared to [Fe(Htrz)2(trz)](BF4)] nanoparticles.

The only change to note was that the

endothermic events happened at a much higher temperature as compared to those samples that did
have surfactant in place. The weight loss data for all samples also indicate a slight weight gain as
the sample transitions back to the low spin state. This weight gain is indicative of the possible
formation of Fe2O3 on the surface of the compound. As the thermal cycles progress, a slight weight
loss can be seen following the weight gain. Figure 3.7b shows a weight loss of 0.714% for the
second thermal cycle which is due to the loss of the formation of the iron oxide on the surface.
Additional evidence to support iron oxide on the surface is shown when the sample is allowed to
exceed 200 οC. Past this temperature, an orange residue is formed on the surface of the sample
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similar to iron oxide. Table 3.2 summarizes the DSC and weight loss data of both nanoparticle
samples and the bulk sample.

Figure 3.9. TGA-DSC data on [Fe(Htrz)2(trz)](BF4)] bulks samples that did not have any
Tergitol-NP9 present in the synthesis. (A) DSC data shows higher temperatures for the transition
from low spin to high spin when compared to nanoparticles in all three thermal cycles. (B) Weight
loss for bulk sample shows that less weight is lost in the three thermal cycles when compared to
the nanoparticles.
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Table 3. 2 Summary of all the TGA DSC and weight loss data obtained from both nanoparticles
and bulk samples of [Fe(Htrz)2(trz)](BF4)]. Transition from low spin states to high spin state in
nanoparticle samples occur at earlier temperatures when compared to bulk material.

1st Thermal Cycle

1

2nd Thermal Cycle

Endotherm
(LS to HS)
(οC)

Exotherm
(HS to LS)
(οC)

Weight
Loss
(%)

Endotherm
(LS to HS)
(οC)

Exotherm
(HS to LS)
(οC)

Weight
Loss
(%)

Endotherm
(LS to HS)
(οC)

Exotherm
(HS to LS)
(οC)

Weight
Loss
(%)

Atm.

103.28

65.92

3.07

95.62

63.73

0.714

94.89

62.96

0.506

Ar

0.499

Ar:O2
(50:50)

0.283

Ar

ο

ο

Hysteresis Width 37 C/K
2

103.08

66.29

121.21

66.18

Hysteresis Width 55 οC/K

ο

Hysteresis Width 32 C/K
2.95

Hysteresis Width 37 οC/K
3

3rd Thermal Cycle

98.13

65.38

Hysteresis Width 32 C/K
0.623

Hysteresis Width 33 οC/K
1.53

113.70

65.95

97.96

65.21

Hysteresis Width 33 οC/K
0.358

Hysteresis Width 48 οC/K

112.68

65.84

Hysteresis Width 47 οC/K

Magnetism. Figure 3.10 shows the magnetic hysteresis as a function of temperature at
1000 Oe. This provided a magnetic hysteresis loop which had a response around 355 K. The
transition temperature from low spin to high spin is much lower here when compared to bulk
sample (370-380 K)11 or other nanoparticles produced by different means (375-395 K).27 DSC data
in Figure 3.7a, which shows a thermal hysteresis, also supports the transition from low to high spin
with a phase change that takes place at the same temperature.
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Figure 3.10. SQUID data obtained for [Fe(Htrz)2(trz)](BF4)] nanocubes using Tergitol-NP as
the surfactant. Sample was held under a constant magnetic field of 1000 Oe. Initial transition from
low to high spin state can be seen starting at 355 K. High to low spin transition occur at 345 K
which then stabilize at 335 K.
The transition from high to low spin can also be seen around 345 K, which is comparable
to the exothermic transition temperatures seen the DSC data of Figure 3.7a. The overall hysteresis
loop ranged from 335 – 375 K, with values above and below this range being the point at which
the sample was completely in either the low spin state or high spin state, respectively. Upon cooling
back to room temperature, the magnetic moments are less than when the sample was initially
heated. The Fe(II) complex trapped in the high spin state and the formation of iron oxide on the
surface of the sample as it transitions back to the low spin state attribute to this slight change in
the magnetic moments. Separate VSM data was collected to compare the data that was obtained
from the SQUID measurements. Three separate data sets (Figure 3.11) were taken for
[Fe(Htrz)2(trz)](BF4)], one at room temperature, one at 443 K, and finally another with a
temperature gradient from room temp to 443 K.
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Figure 3.11. VSM data sets of [Fe(Htrz)2(trz)](BF4)] nanoparticles studied under a constant
magnetic field of 5000 Oe. (A) [Fe(Htrz)2(trz)](BF4)] nanoparticles studied at room temperature.
This system should have shown diamagnetic behavior but, instead displayed paramagnetic
characteristic. This could be due to possible Fe(III) in the compound or trapped high spin state
Fe(II) complexes. (B) [Fe(Htrz)2(trz)](BF4)] nanoparticles studied at a constant 443 K.
Paramagnetic characteristics can be seen in the data obtained. (C) Temperature variation study of
[Fe(Htrz)2(trz)](BF4)] 294 K to 443 K. Magnetic hysteresis is seen with a width of 90 K.

The VSM data collected at room temperature, Figure 3.11, a held a constant magnetic field
of 5000 Oe and displayed properties of being a paramagnetic system. This system should have
shown diamagnetic behavior at low spin states. When compared to the VSM data collected at the
elevated temperature, Figure 3.11b, the confirmation of paramagnetic behavior was identified in
the data. Formation of Fe(III) in both systems caused the dominance of the paramagnetic behavior
seen in both Figure 3.11a and 3.11b. Figure 3.11c displays the VSM data acquired when the
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magnetic moments is as a function of the temperature. The magnetic field was held at constant
5000 Oe for the temperature gradient study and graph obtained showed slight similarities to the
SQUID data set. Upon heating of the sample, the transition from low to high spin occurs around
400 K and stabilizing at 430 K, which is higher than that of the SQUID data transition point of 355
K. This would indicate that the sample oxidized more readily due to the fact the data was collected
in open air. The presence of more iron oxide on the surface as analysis took place increased the
transition temperature required to go from low to high spin states. The cooling cycle of the VSM
data in Figure 3.11c was also consistent with the SQUID data where both showed a 350 K
transition back to the low spin states. Further, the high spin state was constant for a longer period,
transition from high spin state to low spin state occurred around 350 K which stabilized at 340 K.
This transition from high to low spin states is roughly the same when compared to the SQUID and
TGA-DSC data set.

3.4. Discussion
The incorporation of Tergitol-NP9 as a surfactant and ascorbic acid as a mild reducing
agent in the synthesis of [Fe(Htrz)2(trz)](BF4)] yielded positive insight on the production of the
nanocubes. Methods that were previously explored without the use of a surfactant produced
[Fe(Htrz)2(trz)](BF4)] crystallites but of large dimensions. Figure 3.3a is a representation of a
sample that was made without the use any surfactant in the starting synthesis. Dimensions of these
particles averaged 476 nm in length and a width of 135 nm. The cylindrical shape of the particles
is attributed to the [Fe(Htrz)2(trz)]+ chain structure.8 These chains will propagate when suitable
reaction conditions are met. Size control of these nanorods were the objective of this study so as
to allow them to be incorporated into systems that require smaller particles. One possible system
would be in the incorporation of these particles into hexaniobate nanoscrolls to study the expansion
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behavior in confined spaces. Tergitol-NP9 is a nonionic surfactant which has no net charge on its
hydrophilic head group therefore making it a very mild surfactant. Due to this mild nature, it was
a suitable candidate for the potential growth of the [Fe(Htrz)2(trz)](BF4)] nanoparticles. As seen
in the initial trials using Tergitol-NP9 with ascorbic acid, particles can be seen to have smaller
dimensions than the original synthesis, Figure 3.3d. The amount of time allotted for the overall
reaction also played a crucial part in the growth control. Leaving the particles to grow for 24-hours
with the use of Tergitol-NP9 did reduce the dimension of the particles but not by a significant
amount. Looking at samples in Figure 3.3a and 3.3d, the difference in the length of the particles is
only around 150 nm. The reaction time of 24-hours was then modified to a very minimal amount
to see at what extent would the particles morphology change. Figure 3.3b shows particles that were
only allowed to grow for 5 minutes. The resulting nanoparticles still retained their rod like shapes
but, the dimensions these particles were not consistent. Particles ranged from 73 to 800 nm.
Additionally, significant amounts of agglomeration could be seen throughout the sample. This
agglomeration is due to a large excess of unreacted started materials that were not allowed
sufficient time to react properly. The 24-hour synthesis was then repeated, and the resulting
particles maintained a length of around 300 nm which would suggest that using those reaction
condition limit the growth to that length.
Further optimization was then done on the primary steps leading to the final reaction.
Initially, the iron (II) precursor was dissolved in the solvent before the addition of the triazole
ligand and surfactant. The addition of the triazole ligand initiated the growth of the nanorods. Steps
were taken to modify this stage where both starting materials would be mixed in separate
scintillation vials with the addition of the surfactant in both systems. The ascorbic acids, acting as
a mild reducing agent, is then placed in the vial containing the iron (II) precursor. Once both
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systems were mixed for 5 minutes before being combined. The resulting mixture, which was
stirred for 5 minutes, produced particles with average lengths of 150 nm and widths of 56 nm
(Figure 3.4). Tergitol-NP9 controlled the growth of the particle and further modification to the
amount of surfactant used in the system was then studied. The synthesis required the use of a 4 g
Tergitol-NP9 (75% excess). This amount was adjusted to 80% (5 g) and 90% (10 g) to determine
if smaller particles were attainable. In theory, a higher concentration of surfactant should further
limit the growth of the nanoparticle. In the case of the 80% fixed rate, particles grew to average
lengths of 197 ± 44 nm with the presence of heavy agglomeration. This is only a 50 nm difference
than samples that were made with a 75% rate. Reasons as to why this occurred could be that the
higher concentrations of the surfactant led to more localized areas of growth as opposed to a
producing monodispersed growth. The 90% fixed rate showed potential signs of growth of smaller
particles but, the agglomeration within the sample made it impossible to obtain any images via
TEM. This was repeated a second time, but the same results were obtained. A 90% amount of
surfactant was too high a concentration to allow the proper formation of the nanoparticles.
Known synthesis of [Fe(Htrz)2(trz)](BF4)] nanorods using Tergtitol-NP9 had already been
established by Grosjean et al.8, 11, 14 The intent was to synthesis nanocubes with a modified version
of this method. Utilizing previous synthetic pathways, an optimal synthetic route was develop for
fabrication of [Fe(Htrz)2(trz)](BF4)] nanocubes. The resulting method included a 15-minute stir at
80 οC of the separated vials which had 4 g of surfactant and a 1-hour reaction time at room
temperature with constant stir. This was then proceeded by a wash with ethyl acetate to stop the
growth of the nanoparticles. Resulting nanoparticles were predominantly cubic in nature with an
average size of 49 nm (Figure 3.2). The incorporation of the heating phase in separate vial mixture
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allowed for the surfactant to become more fluid. This fluidity allowed for the precursors within
the vials to be mixed thoroughly before being combined and stirred for 1-hour at room temperature.
X-ray Diffraction. Early attempts to obtain a reference XRD pattern for
[Fe(Htrz)2(trz)](BF4)] were rather difficult to locate. Most spectra obtained only provided evidence
of the first dominant peaks located in the reflection areas between 10ο and 30ο (2θ).8, 11, 14, 28 For
this reason, a more defined spectra was simulated which showed XRD patterns of both the low
spin states and high spin states. Figure 3.5 shows the simulated data obtained for
[Fe(Htrz)2(trz)](BF4)] from the crystal structures reported by Grosjean et. al. Figure 3.5 highlights
the spin states separately. The key feature that separates both is the overall pattern shift to the left
when the transition occurs from low spin state (bottom) to high spin states (top). When looking at
Figure 3.6, observed XRD pattern for low spin state nanoparticles (blue), broadening of the peaks
is noticeable when comparing to the simulated low spin data (orange). Larger surface areas in the
nanoparticle results in broadening of the peak of the observed XRD patterns. Dominant peaks at
(2 0 0), (1 0 1), (3 0 1), (0 0 2), (4 1 0), (2 1 2), and (1 2 1) are seen in the observed XRD pattern
for the nanoparticle (Figure 3.6). Grosjean et. al. also report XRD patterns for nanoparticles of the
same size but the definition of the peaks are not visible and very broad.8 Observed XRD pattern in
Figure 3.6 shows clear definition of the dominant peaks which would indicate a more crystalline
sample. When [Fe(Htrz)2(trz)](BF4)] transitions from the low spin state to the high spin state, there
is an expansion of the triazole ligand bonds which surround the Fe atom. The low spin state M-N
(M = Fe, N = Nitrogen) bond length is 1.95 Å. This expansions adds 0.18 Å (based on thermal
expansion) of the Fe-N bond length at high spin state.17, 20, 28 The Fe-N-N bonds, which are the
ligand bonds, have a bond angle that ranges from 120ο to 128ο depending on the spin state. The
overall volume expansion from low spin state to high spin states is 8.4%. At high spin states, due
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to the natural flexibility of the triazole ligands, the expansion can remain stable as long as the
thermal threshold is not exceeded (above 200 οC for [Fe(Htrz)2(trz)](BF4)]).
Thermal Analysis. Thermal analysis was conducted on [Fe(Htrz)2(trz)](BF4)] to
determine the spin transition points of the newly acquired nanocubes. Previous DSC data
conducted in an inert atmosphere on bulk [Fe(Htrz)2(trz)](BF4)] without the use of Tergitol-NP9
showed the transition point to high spin state being around 121 οC (Figure 3.9). This was then
followed with a transition back to the low spin state at 66 οC. These transitions concur with already
established bulk data.20, 25, 29 However, additional thermal cycles were implemented on the system
to determine the stability of the compound. A total of three thermal cycles were completed and
differences were seen between the first and consecutive results. Figure 3.9 depicts a difference of
almost 10 οC between the first and second endothermic events (high spin transitions). The second
and third endothermic events were steadily decreasing at a rate of 1 οC per cycle. Exothermic event
(low spin transitions) remained stable and constantly decreasing at 1 οC per cycle. Variations to
these transitions in bulk sample can be seen in the nanoparticle system that contained TergitolNP9. Figure 3.7a shows that the first transition from low to high spin states occurs at a lower
temperature, 103.28 οC. This was then followed by a difference of 8 οC between the first and
second endothermic event, which eventually became a steady decrease in the following cycle of 1
ο

C. A similar case was seen in the exothermic events which occurred at 65 οC. Clear evidence is

seen of lower transition temperatures when the nanoparticles are compared to the bulk system.
Differences in the thermal hysteresis width between the bulk versus the nanoparticles were 18
degrees. Smaller transitions along with smaller thermal hysteresis are observed within the
nanoparticle systems. Coronado et al. observed that some Fe(II) complexes remained in the high
spin state after the first thermal transition from low spin to high spin.23 This can produce a high
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surface area effect in the nanoparticles which results in a preferential coordination of the Fe atom
to the high spin state even at room temperature. This results in smaller amounts of Fe(II) that are
in low spin state and high spin state Fe(II) at room temperature which reduces the thermal
hysteresis in the following cycles. Both Tissot et al. and Coronado et al. showed evidence of 20%
of the Fe(II) complexes remained in the high spin state when conducting further thermal cycles.23,
30

This explains the difference between the first and second endothermic peaks in both the inert

and oxygenated environment for both nanoparticle and bulk systems. Nanoparticle systems show
a decrease in the hysteresis loop when compared to bulk material. The effects of this trapped high
spin state Fe(II) is therefore less in the nanoparticle system than in bulk material. Thermal
hysteresis for nanoparticles (Figure 3.7a) was a total 37 οC. Whereas the bulk system (Figure 3.9a)
without Tergitol-NP9 was 55 οC.
Weight loss associated with the nanoparticle system for the first transition from low spin
to high spin, Figure 3.7b, shows a weight loss of surface water and iron oxide which is only 3% of
the overall weight of the sample. There is a small weight gain as the temperature transitions back
down to room temperature of less than 0.5% which is seen in each thermal cycle. This weight gain
can be attributed to the formation of iron oxide on the surface of the sample. In a separate study,
the sample was kept constant at 80 οC for 60 minutes to determine if further weight gain is noticed.
The resulting data from that study showed that the sample gained weight relatively slowly as it
remained at 80 οC for the allotted time. Allowing the sample to remain at this temperature on the
cool down allows for the formation of iron oxide on the surface of the nanoparticles. This behavior
was also seen in the bulk sample but with a relatively smaller weight gain when compared to the
nanoparticles. Nanoparticles have larger surface areas to allow for the formation of more iron oxide
on the surface as compared to the bulk samples. The slight weight gain is then lost when the sample
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repeats the second thermal cycle due to the loss of the newly formed iron oxide. This behavior of
weight gain and weight loss is seen constantly as the sample continues the remaining thermal
cycles. Further evidence to support the formation of iron oxide is shown when the sample is
allowed to exceed over 200 οC. Past these temperatures the iron oxides completely to iron oxide
and a residual orange/red color is seen in the spin cross over complex. The following weight loss
for the other 2 thermal cycles are < 1%, which would indicate that the sample loses weight at an
extremely slow rate as the thermal events takes place. Figure 3.8a shows the DSC data for a
Tergital-NP9 sample that was conducted in an oxygenated environment. The only significant
differences between this sample and the inert sample was the thermal transitions for both low spin
to high spin and vice-versa occurred at a slightly higher temperature. Higher transition
temperatures in the oxygenated system would indicate that the surrounding oxygen helped to
stabilize the complex thus preventing the transition to occur earlier. The sample reacted with the
surrounding oxygen to form more iron oxide on the surface as heating takes place thus prolonging
the transitions from low spin to high spin. Looking at the weight loss data in Figure 3.8b the weight
gain is slightly larger than the sample conducted in an inert atmosphere. Although the weight loss
is still < 1% for the overall system in the second and third endothermic events, the oxygenated
system lost less weight when compared to the inert system. Comparing the bulk data to the
nanoparticle data, weight loss on a whole is significantly less in the bulk system. The surface area
of the nanoparticles is much larger than in the bulk system therefore, the formation of iron oxide
on the surface of the bulk system is significantly less. Smaller formation of iron oxide on the
surface on the bulk material contribute to the difference in the weight seen when compared to the
nanoparticles.

103

Figure 3.12. Energy level difference between the high spin states (A) and low spin states (B)
of the d6 Fe2+ core of [Fe(Htrz)2(trz)](BF4)]. (A) The difference in energy level between the eg and
t2g in the high spin state allows the lone pairs to occupy the empty orbitals. This produces a sum
of spin of 2 due to the 4 unpaired electrons. This state is known as the high spin state due to the
larger amount of total spin than can respond to a magnetic source when compared to the low spin
state. Typical paramagnetic characteristics can be noticed from species in the high spin state. (B)
Low spin d6 state compounds display diamagnetic behavior due to lack of unpaired electron. The
energy level is too high between the eg and t2g levels to allow electrons to occupy the higher energy
states.

Magnetism. Figure 3.12. is a diagram showing the two energy levels that are obtained
when the triazole ligand forms a coordinate bond with Fe2+. The six electrons that are in the d
orbitals of Fe2+ are separated into low spin states or high spin states depending on the stimuli that
it is exposed to. In the high spin state, the energy gap between the eg and t2g level is small enough
to allow 2 unpaired electrons to occupy the higher energy levels (Figure 3.12a). According to
Hund’s rule and Aufbau principles, electrons must populate the lower energy orbital first. The t2g
energy levels for the low spin state would be occupied by all 6 electrons because the amount of
energy requirement to pair the electron is much lower than to populate the higher orbitals.
Therefore, with no unpaired electrons, a diamagnetic behavior is seen as there are no electrons to
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interact with a magnetic field. In the case of the high spin state, the energy difference between the
eg and t2g orbitals is small enough to allow electrons to populate the high orbitals as opposed to
pairing. This produces 2 unpaired electrons in both the eg and 2 unpaired electrons in the t2g levels
producing a sum spin of 2 which can respond to a magnetic field producing paramagnetic
characteristic and magnetic hysteresis. Magnetic moments as a function of temperature can be seen
in Figure 3.10 where [Fe(Htrz)2(trz)](BF4)] at a constant 1000 Oe. As the temperature approaches
355 K, the transition to high spin state is initiated and came to completion at 375 K. This is lower
than the transitions reported in bulk systems.8, 27, 30 The response to the magnetic field is also seen
as it increases from 3.72 E-05 emu to a max of 1.53 E-04 emu in the transition from low spin to
high spin state. When transitioning back to the low spin state, a further increase is seen in the
magnetic response to around 1.65 E-04 emu before decreasing back to 3.54 E-05 emu. The slight
decrease of the magnetic moment from the transition from high spin to low spin is a result of the
formation of iron oxide on the surface of the complex as the sample cools down. Iron oxide
contains 2 unpaired electrons which interacts with the sample producing a lower magnetic response
than what it initially started with. Despite the relatively small change in the magnetic response as
the temperature increases, it was still possible to obtain the magnetic hysteresis for the
[Fe(Htrz)2(trz)](BF4)] nanocubes. Overall, the magnetic hysteresis for the SQUID results had a
width of 45 K with initial low spin to high starting at 335 K and high spin to low spin at 350K.
VSM analysis was then conducted to determine if the magnetic hysteresis observed would
be the same as the results of the SQUID. Figure 3.11c displays the VSM data obtained for the same
sample but at a constant magnetic field of 5000 Oe. A higher magnetic field had to be used to
produce a magnetic response from the nanoparticles. The response to the magnetic field occurs at
393 K with a magnetic moment of 5.85 E-04 emu which stabilized at 430 K with moments of 2.22
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E-03 emu. High spin to low spin transition occurred at 360 K with a response of 2.49 E-03 emu
followed by stabilization at 340 K with a response of 5.00 E-04 emu. The resulting magnetic
hysteresis for the VSM (Figure 3.11c) was 90 K in width which was larger than the previous
SQUID findings by 50 K. Additionally, a higher temperature was required to allow high spin state
transitions to occur. SQUID measurements showed an initial transition to high spin state around
355 K. At this temperature, no indication of a transition was present in the VSM analysis. VSM
data acquisition was acquired in an open-air system. The presence of surrounding moister and
oxygen provided ideal conditions for the formation of iron oxide on the surface as the sample is
heating. This additional oxide and moisture presence increased the temperature at which the low
spin to high spin transition occurred by 25 K. The evidence of the increased oxide production can
be seen in the resulting decreased magnetic moments when the sample transitions back to its low
spin state upon cooling. The difference between the magnetic moment at the end of the cooling
cycle and at the start of the heating cycles is the VSM data larger when compared to the SQUID.
SQUID magnetic moments for this difference is 5% and VSM produced a difference of 18%.
Cooling back to room temperature, the sample remained in the high spin state for a total of 80 K
before it transitioned back to the low spin state. Table 3.3 summarizes and compares the data
between the transitions for the low spin states and high spin states of the thermal and magnetic
analysis
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Table 3.3 Summary and comparison of the data collected for the transitions between low spin
state to high spin state and vice versa between three data sets collected for [Fe(Htrz)2(trz)](BF4)]
nanocubes.
Data
DSC
SQUID
VSM

HS transition
376 K
375 K
430 K

LS transition
338 K
330 K
335 K

Hysteresis Width
37 K
45 K
90 K

VSM analysis was also conducted on the individual spin states. Figure 3.11a depicts the
magnetic moments of the nanoparticles at room temperature. Paramagnetic behavior is seen in
Figure 3.11b which is expected at the high spin states. However, in the low spin state, a
diamagnetic response should have been noticed in the data but, as seen in Figure 3.11a this was
not the case. Paramagnetic behavior was observed at room temperature with no characteristics of
diamagnetic nature. The formation of Fe(III) in the system caused this paramagnetic characteristic
to be seen in the low spin state data of the VSM. The nature of Fe3+ allows it to have 5 electrons
in its lower t2g orbital. Four of the five electrons pair up leaving only one unpaired electron which
can have a magnetic response even at room temperature. This is the reason why the paramagnetic
behavior was observed for samples conducted at room temperature on the VSM. Additionally, this
can also be the reason for the formation of the iron oxide on the surface of the sample as the thermal
cycles takes place.

3.5. Conclusions
The present study provides new data on the transitions of spin cross over compound
[Fe(Htrz)2(trz)](BF4)] nanoparticles. Without the use of a mild nonionic surfactant, Tergitol-NP9,
it is not possible to synthesize [Fe(Htrz)2(trz)](BF4)] particles with dimensions less than 100 nm
in length. Careful reaction conditions must be met in order to obtain a sample of
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[Fe(Htrz)2(trz)](BF4)] with resulting nanocubes of 43 ± 9 nm in length. Observed XRD patterns
matched the simulated data for the low spin state complex. Broad peaks were seen in the patterns
which is indicative of nanoparticle systems with more defined peaks when compared to already
reported nanoparticle systems. Thermal hysteresis analysis determined that the nanoparticle
system underwent transitions from low spin state to high spin state at lower temperature when
compared to bulk system and other particles of the same size. Additionally, a weight gain can be
seen as the sample cool back down to room temperature. The formation of iron oxide is believed
to be cause of the weight gain. Fe(II) can oxidize to form the oxides on the surface of the system
which is them lost when the sample undergoes additional thermal cycle. This pattern is repeated
as the thermal cycles takes place. Smaller thermal hysteresis width is also noticeable when
compared to the bulk sample. Difference between the first and second low spin to high spin
transition see a decrease in temperature at which they occur. Trapped high spin state complexes in
the low spin state after the first transition lead to the decrease in the width of the hysteresis. This
decreases in hysteresis width is seen larger when compared to the bulk sample. Magnetic hysteresis
data also agreed with the thermal findings on the spin transition points of the nanoparticles. SQUID
and DSC data displayed close agreements with both high spin and low spin transitions of the
nanoparticles. These transitions points were lower than the data already reported for bulk and other
nanoparticles of [Fe(Htrz)2(trz)](BF4)]. VSM data displayed higher transition temperature for LS
to HS but this is because of the formation of larger amounts of iron oxide on the surface of the
sample. By further modification to reduce to size of the particles and thereby reducing transition
temperature, it is possible to develop nanoparticles with ideal characteristic for applications such
as memory storage.
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Chapter 4. Exploration on the Ammonolysis of K4Nb6O17
4.1. Introduction
Nitrides can be classified in various categories including transition metal nitrides, transition
metal oxynitrides, and perovskite oxynitrides. The study of transition metal nitrides has attracted
a large amount of attention due to their unique properties such as hardness, high melting points
and metallic nature.1-7 They also display high activities in reactions that are important in the study
of

catalysi.8-12

including

hydrogen

transfers

such

as

hydrogenation,

isomerization,

hydrodesulfurization (HDS), and hydrodenitrogenation (HDN) of hydrocarbons.2 Transition metal
oxynitrides have also attracted considerable attention due to their potential application in
photoelectrochemical (PEC) water splitting. Transition metal oxides are mostly used for PEC
water splitting due to their high activity under UV light. However, the band gap of these metal
oxides is too large for the efficient adsorption of sunlight,13-14 therefore, the use of transition metal
oxynitrides, which can have a lower band gap in the visible region, are important in these studies.1520

The study of perovskite oxynitrides has also gained attention due to their novel properties that

cannot be found within simple oxides, including visible-light photocatalysis21-22, colossal
magnetoresistivity23-24, and dielectric properties25-26. Perovskite oxynitrides often have the
compositions ABO2N and ABON2 ¸though in some cases the oxygen/nitrogen ratio may vary
depending on the type of perovskite being used.
Potassium hexaniobate, K4Nb6O17, is a layered oxide that has been studied for its various
properties including photocatalytic activity under UV-light27-29 and its ability to scroll.30-33
However, there is no data in regards to an oxynitride system of potassium hexaniobate.
Theoretically, the conversion of K4Nb6O17, into an oxynitride would lower the bandgap that is
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required for photocatalytic activity, as absorption would now be in the visible range. Applications
such as water splitting to produce H2 would then be possible with the use of visible light as opposed
to UV radiation. There are studies that have been done on a niobium oxynitride system known as
baddeleyite niobium oxynitride (NbON). NbON is an n-type semiconductor with a band gap of ~
2.1 eV (~ 600 nm) and is a very promising candidate for applications in PEC.34
The lack in information regarding NbON and a variant oxynitride of potassium hexaniobate
is due to the complexity of its synthesis. Thermal NH3 ammonolysis method is widely used for the
synthesis of oxynitrides.15, 18-19 Oxides can be converted to oxynitrides with the use of metal
precursors that react with active species that are generated from NH3 at high temperatures. When
synthesizing crystalline NbON (Nb5+), this high temperature method cannot be used. High
temperature ammonolysis of Nb2O5 (Nb5+) yields the non-photoactive rock salt NbOxNy (Nb2+ - 3+
).35-36 K4Nb6O17 (Nb5+) also has a similar effect in which niobium undergoes a reduction in high
temperature ammonolysis. This reduction is a result of the production of H2 from the thermal
decomposition of NH3 at high temperatures. Niobium can be easily reduced by H2 during the
ammonolysis synthesis. In order to produce oxynitride variants of K4Nb6O17, a synthetic method
without the reduction of Nb is highly sought after. Herein, we discuss the synthesis of an oxynitride
variant of K4Nb6O17, using an ammonolysis heat treatment at various temperatures.

4.2. Experimental
Materials. Potassium carbonate (K2CO3, 99%) and niobium oxide (Nb2O5, 99%) were
acquired from Alfa Aesar. Acetone (ACS reagent, 99%) was purchased Sigma Aldrich. Deionized
water was obtained via reverse osmosis. Ammonia gas (NH3, Anhydrous, 4.5, 99.995%) was
obtained from PraxAir.
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4.2.1. K4Nb6O17
Crystalline samples of layered K4Nb6O17 were prepared using a high-temperature ceramic
method.30 K2CO3 and Nb2O5 (molar ratio 1.4:1) were placed in a ball mill with a stainless steel
planetary cell (50 mL). Zirconia ball medium (10 balls, 5 mm) were added to the cell and placed
in a ball-mill (Spex Industrial Inc, Spex Mixer 8000) for 15 minutes. After the allotted time, the
mixture was then placed in an alumina crucible. An initial excess of 10% K2CO3 was included to
compensate for the volatilization during high-temperature synthesis. This mixture was heated at
900 οC for 1 hour and cooled to manageable temperature. A further 10% of K2CO3 was added to
prevent the formation of potassium-deficient phases. The mixture was milled again for 15 minutes.
The sample was placed in an alumina crucible where it was heated for 2 days at 1050 οC, followed
by 1 hour at 1100 οC. The sample was then cooled to room temperature, washed via vacuum
filtration with de-ionized water (twice) and water/acetone (once), and then dried overnight at 75
ο

C.

4.2.2. Synthesis of two-phased niobium oxynitride
Potassium niobate oxynitride crystalline powders were prepared by temperature programed
ammonolysis technique. Typical experimental synthesis requires that the temperature of the oxide
precursors, in a reactive gas flow, be heated uniformly from the starting temperature (Room
Temperature, RT) to its final temperature (Tf) via a desired heating rate (οC/min). All samples were
prepared with a heating rate that allowed for a 4-hour ramp time from RT to Tf. K4Nb6O17 powder
was placed in an alumina boat in a tube furnace for ammonolysis reaction. The tube was initially
purged with dry NH3 gas at room temperature to expel oxygen and moisture before heating. Under
ammonia gas, flowing at 300 mL/min, the sample was heated to various temperature Tf (700 οC ≤
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Tf ≤ 800 οC), held at Tf for 24 hours, and cooled to room temperature. Samples were then taken
out of the tube furnace where they were characterized by X-ray powder diffraction and thermal
analysis.

4.2.3. Characterization
X-ray diffraction (XRD) data was collected for the host and oxynitride compounds on a
Philips X’Pert diffractometer utilizing Cu Kα radiation (λ = 1.5418 Å) and a curved graphite
monochromator at a voltage of 45 kV and a current of 40 mA. Thermogravimetric analysis (TGA)
of weight loss and differential scanning calorimetry (DSC) analysis of heat flow data were
obtained via a TA instrument SDT Q600, a TGA-DSC capable of measuring both weight changes
from sample and reference arms.

4.3. Results
Synthesis. Ammonolysis of potassium hexaniobate, K4Nb6O17, involves the process of
heating already synthesized K4Nb6O17, under flowing ammonia for an allotted time. This process
of ammonolysis produced an oxynitride that was composed of two phases, a KNbO3 phase and a
NbNxOy phase. The resulting oxynitride was then oxidized via thermal analysis to produce an
oxide that contained both K4Nb6O17 and K2Nb6O16 pyrochlore phases with the majority of the XRD
reflections matching the latter. Figure 4.1 is a visual display of the parent sample K4Nb6O17 (white
crystals) and the two-phase product after ammonolysis (black crystals).

114

Figure 4.1. Images of both (A) two phases oxynitride composed of KNbO3 and NbNxOy and
(B) the parent compound K4Nb6O17. Very crystalline material is observed in both compounds.

Careful synthetic protocols were followed when producing the oxynitride product as
certain high temperature would allow the formation of H2 in an NH3 atmosphere which would
readily reduce niobium oxide to a non-photo active rock salt form. Various temperatures between
600 – 800 οC were tested based on literature reports for similar synthesis using niobium systems3738

and other ammonolysis methods on different perovskites.39-41 Samples that were synthesized at

temperatures greater than or equal to 710 οC showed total color change from white crystals to black
crystals. Samples done below this temperature displayed crystals that were grey in color, indicative
of partial reaction. A weight loss of 11% can also be seen upon the completion of the ammonolysis
on K4Nb6O17. This weight loss decreases with lower reaction temperatures. Weight loss is
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associated with the three-for-two exchange of oxygen atoms for nitrogen atoms in the NbNxOy
phase and loss of K2O species during synthesis. The weight gain associated in the formation of
K2Nb6O16, produced after thermal analysis of the two-phased oxynitride, also gave additional
confirmation of the proposed two-phased oxynitride obtained after ammonolysis.
XRD Characterization. Observed XRD pattern for sample that was synthesized at 800 οC
can be seen in Figure 4.2. The pattern, Figure 4.2a, displays the presence of two dominant phases:
KNbO3 (Figure 4.2b, PDF 01-071-0946) and NbN1.31O0.13 (Figure 4.2c, PDF 01-089-1202). Figure
4.2d also displays the parent compound, K4Nb6O17, used for comparison. The only reflection from
the parent compound that was in the two phased oxynitride was the peak located 32 °2θ. However,
this was not the potassium peak that was present within the parent compound. This tells that the
parent compound was no longer present in the two-phased system. The presence of the NbNxOy
composition in the two-phased system would indicate that the niobium oxynitride obtained would
have a similar composition to that of the reference pattern in Figure 4.2c. However, calculations
based on weight loss and weight gain in both ammonolysis and oxidation showed that the nitrogen
content was less than that of the reference. The two phased system contained KNbO3 and a niobium
oxynitride with the nominal composition of NbN033O2. A possible reaction for the ammonolysis
process can be seen in Reaction (1).
K4Nb6O17 + 1.33 NH3 → 2 KNbO3 + 4 NbN0.33O2 +K2O +2 H2O
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(1)

Figure 4.2. XRD patterns for (A) Sample synthesized under ammonolysis at 800 οC. (B)
Reference pattern of KNbO3 (PDF 01-071-0946). (C) Reference pattern of NbN1.31O0.13 (PDF 01089-1202). (D) Original parent compound of K4Nb6O17•3H2O. Observed reflections for both
references can be seen in the oxynitride species (A). References for KNbO3 are in black and
NbN1.31O0.13 are in red.

Ammonolysis of K4Nb6O17 at temperature between 600-700 οC produced grey crystals with
XRD patterns relating closer to K4Nb6O17 rather than the two phased system seen at 800 οC. Figure
4.3 is an XRD pattern for a system that underwent ammonolysis at 700 οC. The resulting pattern
matched the reference of K4Nb6O17 (PDF 00-021-1295), which had different peak intensities when
compared to the trihydrate parent compound. The left shift of the (0 4 0) reflection is a result of
the formation of the trihydrate peak within the parent compound.
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Figure 4.3. (A) Observed XRD pattern for sample that was synthesized via ammonolysis at
700 οC. (B) Reference pattern for less crystalline K4Nb6O17 (PDF 00-021-1295). (C) Observed
XRD pattern for reference K4Nb6O17•3H2O before ammonolysis. Sample change color from white
to grey for this synthesis.

Temperatures of 710, 725, and 750 οC were studied to see when and if any changes would
occur that would be similar to the sample made at 800 οC. Figure 4.4 is the observed XRD pattern
obtained for a system that was synthesized at the lower temperature range, 710 οC, of the other
samples that were investigated. Peak broadness can be seen in this sample when compared to the
sample that was made at 800 οC. This would indicate that the crystallinity of the KNbO3 phase
would be decreasing at lower temperature. Figure 4.5c is the observed XRD pattern for a sample
that was synthesized at 725 οC. The resulting pattern shows peaks located at 10 (°2θ) which was
not shown in Figure 4.2a. This peak is the (0 4 0) reflection of the trihydrate K4Nb6O17 parent
compound. Additionally, this peak was not found in the 710 οC and 750 οC as shown in Figure
4.5d and 4.5b, respectively. The presence of the trihydrate peak of the parent in the sample made
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at 725 οC is indicative of incomplete reaction during ammonolysis. Throughout the other three
systems synthesized at 710 οC, 750 οC, and 800 οC, the sample fully converted to the two-phased
oxynitride system. All reflections for these three systems, when compared to the 800 οC sample,
remained in the same location with peak broadening occurring as the temperature was decreased.
Reference XRD patterns for KNbO3 and NbN1.31O0.13 did not change between the additional
system tested.

Figure 4.4. XRD patterns for (A) Sample synthesized under ammonolysis at 710 οC. (B)
Reference pattern of KNbO3 (PDF 01-071-0946). (C) Reference pattern of NbN1.31O0.13 (PDF 01089-1202). (D) Original parent compound of K4Nb6O17•3H2O. Observed reflections for both
references can be seen in the oxynitride species (A). References for KNbO3 are in black and
NbN1.31O0.13 are in red.
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Figure 4.5. XRD patterns for sample synthesized under ammonolysis at (A) 800 οC, (B) 750
ο
C, (C) 725 οC, and (D) 710 οC. (E) Reference pattern of KNbO3 (PDF 01-071-0946). (F)
Reference pattern of NbN1.31O0.13 (PDF 01-089-1202). Peaks for the NbN1.31O0.13 reference are not
present within samples as the temperature decreases for ammonolysis. Additionally, broader peaks
with less intensity are shown as the temperature for synthesis decreases.

Thermal Analysis. To estimate a potential composition of the two-phased oxynitride
system, thermal analysis was conducted. The samples obtained after thermal analysis were
analyzed via XRD. Resulting patterns for these samples can be seen in Figure 4.6 and 4.7, where
a suitable reference pattern was found that matched majority of the peaks listed.
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Figure 4.6. Observed XRD pattern obtained for sample after oxidation via thermal analysis.
(A) Sample synthesized at 800 οC after thermal analysis was complete. (B) Reference pattern for
K2Nb6O16 (PDF 00-028-0788). (C) Observed XRD pattern for parent compound before
ammonolysis.

Figure 4.6 shows XRD pattern taken for the sample that was synthesized at 800 οC after
thermal analysis. The XRD pattern matched a reference pattern of K2Nb6O16 (PDF 00-028-0788)
with additional peaks located in the system, such as the (0 2 0), (0 4 0), (1 4 0), and (2 6 1) that
also coincided with K4Nb6O17•3H2O. K2N6O16 is a pyrochlore that is known to be produced when
KNbO3 is in the presence of an oxygenated atmosphere at high temperature.42-43
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Figure 4.7. Observed XRD pattern obtained for sample obtained after oxidation via thermal
analysis. Sample synthesized via ammonolysis at (A) 800 οC, (B) 750 οC, and (C) 725 οC after
thermal analysis was complete. (D) Reference pattern for K2Nb6O16 (PDF 00-028-0788). (E)
Observed XRD pattern for parent compound before ammonolysis.

Figure 4.7 summarizes all the samples that were analyzed via XRD after thermal analysis.
The location of the peaks remained the same and no additional peaks were present. No significant
variation can be seen between the pattern as the temperature at which samples were synthesized
decrease. Observed patterns for the samples below 800 οC showed decreases in the intensities of
the peaks as the temperature was decreased for ammonolysis. Reference pattern of K2Nb6O16 still
matched the majority of the peaks in this sample as well.

To obtain more details in the composition of the niobium oxynitride phase, TGA and DSC
analysis was performed under an oxygenated system of 50% argon and 50% oxygen. Weight gain
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obtained from thermal analysis was used to confirm the potential composition of the niobium
oxynitride. A resulting color change from black crystals to white crystal was observed after heating
the sample to 1000 οC. Weight gain observed is indicative of the sample exchanging the nitrogen
atoms for oxygen atoms provided by the surrounding atmosphere. The gain in oxygen allowed the
sample to exceed its weight and go above 100%.
Figure 4.8a shows the weight gain of the sample that was synthesized via ammonolysis at
800 οC. A weight gain of 6.3% is observed at 499 οC. The corresponding phase change seen in
Figure 4.8b indicates that exchange of the nitrogen atoms for oxygen atoms was complete at 466
ο

C. A smaller weight loss can be seen after this phase change at 550 οC which can be attributed to

the loss of an oxide that may have formed on the surface of the compound during oxidation. The
weight gain that was observed in Figure 4.8a system coincided with the weight loss that was
observed after ammonolysis, which would give further evidence of the potential NbN0.33O2
composition calculated for the two-phased system.
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Figure 4.8. TGA analysis data obtained from oxynitride sample synthesized at 800 οC via
ammonolysis. (A) Weight data collected shows at gain of 6.2% for this samples. This was highest
weight gain seen out of all the samples that were made. (B) Phase change can also be seen
occurring at 465.7 οC. At this point, the exchange of the nitrogen atoms for oxygen atoms was
complete.

Samples that underwent ammonolysis at 750, 725, and 710 οC also showed weight gains
in the resulting TGA data. Figure 4.9, 4.10, and 4.11 shows the data sets obtained for these
additional samples. The resulting weight gain observed was less than the sample that was shown
in Figure 4.8a. This meant that a higher concentration of nitrogen was present in the sample done
at 800 οC. The temperature at which the phase change occurred also decreased with samples that
were synthesized at lower temperatures. Corresponding XRD pattern for the sample that had a
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weight gain of 6.3%, Figure 4.8a, matched the reference pattern of K2Nb6O16. Initial weight loss
after ammonolysis for the sample made at 800 οC was 10.89%, which was a result of the loss of
K2O and loss due to oxygen atoms exchange for nitrogen. The overall system, K4Nb6O17 to
K2Nb6O16, showed a loss of one oxygen atom and two potassium atoms. This would suggest that
the synthesis followed a pattern of ammonolysis of K4Nb6O17 to the proposed two-phase
oxynitride, KNbO3:NbN0.33O2, then followed by oxidation to K2Nb6O16. Thermal analysis gives
further evidence to support the proposed composition.

Figure 4.9. TGA analysis data obtained from oxynitride sample synthesized at 750 οC via
ammonolysis. (A) Weight data collected shows at gain of 4.4% for this samples. (B) Phase change
can also be seen occurring at 449.5 οC. At this point, the exchange of the nitrogen atoms for oxygen
atoms was complete.
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Figure 4.10. TGA analysis data obtained from oxynitride sample synthesized at 725 οC via
ammonolysis. (A) Weight data collected shows at gain of 3.9% for this samples. (B) Phase change
can also be seen occurring at 449.5 οC. At this point, the exchange of the nitrogen atoms for oxygen
atoms was complete.
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Figure 4.11. TGA analysis data obtained from oxynitride sample synthesized at 710 οC via
ammonolysis. (A) Weight data collected shows at gain of 4.2% for this samples. (B) Phase change
can also be seen occurring at 444.4 οC. At this point, the exchange of the nitrogen atoms for oxygen
atoms was complete.
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4.4. Discussion

Determination of the possible composition for the two-phased oxynitride system that was
obtained after ammonolysis, KNbO3:NbN0.33O2, was done based on the weight data obtained from
ammonolysis and thermal analysis. Reaction 2 shows the proposed schematic for the overall
synthesis of the oxynitride and the proceeding oxidation reaction. This proposed composition was
then verified by XRD patterns of known materials of K4Nb6O17, KNbO3, NbN1.31O0.13, and
K2Nb6O16. Calculation was performed on the system that was presumed to have the highest
nitrogen concentration out of all five samples. Out of the five samples, the sample that was
synthesized via ammonolysis at 800 οC was considered to have the highest concentration due to
its large weight gain (Figure 4.8a). Initial weight loss observed after ammonolysis for this sample
was 10.89%, 107 g/mol of the overall molar mass of K4Nb6O17, 985.82 g/mol. Majority of the
10.89% weight loss after ammonolysis was due to loss of K2O (87%), which can readily volatize
during high temperature ammonolysis. The remaining weight loss (13%) of the 10.89% was
attributed to the exchange of oxygen atoms for nitrogen atoms in the niobium oxynitride system.
The resulting two-phased oxynitride had a molar mass of 878.46 g/mol, which was based on the
10.89% weight loss after ammonolysis. This loss of K2O would suggest that the overall system
was comprised of two potassium atoms, six niobium atoms, and a mixed composition of oxygen
(16-3x) and nitrogen (2x). However, based on the XRD patterns obtained for the two-phased
system, Figure 4.2a, one of the phases obtained was that of a KNbO3 type oxide while the other
being NbNxOy type oxynitride. Calculations would assume that 2 mols of KNbO3 was present in
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the two phased system. This would suggest that the NbNO phase would have a composition of
Nb4N2xO10-3x which would result in 4 NbN0.33O2. A decrease in weight loss after ammonolysis was
seen in samples that were synthesized at lower temperature. Samples made at 750 οC and 725 οC
both showed a decrease in weight to 9.3%, whereas the sample made at 710 οC was significantly
less at a loss of 5.5%. This loss observed would indicate that the samples were exchanging less
nitrogen for oxygen during the ammonolysis.
Weight gain observed in the oxidation process via thermal analysis was 6.25% within the
sample synthesized at 800 οC, Figure 4.8a. The oxide obtained at this oxidation stage, K2Nb6O16,
had a molecular weight of 891.63 g/mol. Observed XRD pattern, Figure 4.6a, also provides
additional confirmation of this oxide after the thermal analysis as majority of the powder pattern
for the refence matched the sample. Peaks of the parent, K4Nb6O17•3H2O, can also be seen at the
lower reflections, specifically the (0 2 0), (0 4 0) and (1 4 0). An overall weight gain of 5.47% was
calculated based on both weight gains and loss shown in the TGA data obtained in Figure 4.8a.
This 5.47% weight gain corresponded to the molecular weight of 926.07 g/mol which is obtained
after all the nitrogen atoms have been exchanged out of the two-phase system for oxygen atoms.
According to the XRD pattern for this system, Figure 4.6a, the presence of K2Nb6O16 is seen to
dominate this structure. However, K2Nb6O16, would only account for 96% of the molecular weight
of 926.07 g/mol obtained for the system after oxidation. The remaining 4% of the oxide obtained
after thermal analysis may potentially be a type of nitrous oxide on the surface of the system that
is too small to be characterized via XRD.
XRD analysis also gives supporting information regarding the composition of the twophased structure as well. As seen in Figure 4.2a, the two-phased oxynitride contained both traces
of a KNbO3 type perovskite and a NbNxOy type oxynitride composition. Peak patterns for KNbO3
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and Nb-N-O references matched the resulting oxynitride almost identically. Low angle reflections
from the original parent compound, K4Nb6O17•3H2O, were not visible in the resulting oxynitride
pattern. However, in the sample synthesized at 725 οC, trace evidence of low angle reflections can
be seen in the XRD pattern (Figure 4.4a). This is a result of incomplete synthesis during
ammonolysis at these lower temperatures. Figure 4.5 shows the observed XRD patterns for all
systems there were believed to be converted to the two-phased oxynitride species. Traces of the
parent compound can be seen in Figure 4.5c and 4.5d with more pronunciation in the sample
conducted at 725 οC. The loss of peak definition and broadness can be seen as the temperature is
decreased throughout synthesis. These findings support the fact that lower temperatures are not
ideal for complete conversion to a potential oxynitride with high concentrations of nitrogen. An
observed XRD pattern for a sample that was done at 700 οC can also be seen in Figure 4.3a. This
sample at 700 οC had an XRD pattern which matched a reference of K4Nb6O17. A slight color
change from white to grey was seen in this sample as well. Within this pattern in Figure 4.3a, the
only major reflection that matched the sample were the (0 4 0) and (2 6 1) of the parent compound,
additional smaller peaks located at higher angels also coincided with the sample pattern. XRD
patterns were also obtained for samples that underwent thermal analysis. These XRD patterns can
be seen in Figure 4.6a and 4.7. Out of all three samples that underwent thermal analysis, the sample
made at 800 οC had the most defined peak patterns with less peak broadening being prevalent.
Matching reference patten for K2Nb6O16 was observed to match the XRD pattern for the oxide
compound obtained after thermal analysis within all three samples. This information would
suggest that the compound did not lose any niobium atoms throughout the entire process of
ammonolysis and oxidation. Additionally, the niobium species remained in it Nb5+ state
throughout both processes. Evidence of the parent compound can also be seen present throughout
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all three samples. Specifically, the (0 2 0), (0 4 0), (1 4 0), and (2 6 1) can be seen within all the
samples after thermal analysis. Confirmation of the possible two-phased oxynitride,
KNbO3:NbN0.33O2, was made stronger based on the evidence of the XRD patterns and reference
pattern obtained after oxidation.
Thermal analysis was also conducted on three other samples synthesized at 750, 725 and
710 οC to determine how the weight gain is affected upon oxidation. Figure 4.9a shows the weight
gain that was obtained for the sample synthesized at 750 οC. Compared to the sample synthesized
at 800 οC, this samples showed a lower weight gain upon oxidation and a decrease in the
temperature at which the phase change occurred. A weight gain of 4.38% and a phase change
temperature at 450 οC can be noticed in Figure 4.9a. The weight gain of 4.38% is 2% less than the
sample synthesized at 800 οC. This would suggest that the concentration of nitrogen was lower in
the system made at 750 οC. The temperature at which this phase change occurred was also
decreased by 16 οC. Looking at the other two samples, Figure 4.10 and 4.11, this trend of continued
decrease in temperature is seen. The sample synthesized at 725 οC had a weight gain of 3.89%
whereas the sample synthesized at 710 οC had a weight gain of 4.23%. Possible explanation for
this difference could be due to incomplete synthesis in the 725 οC sample. XRD pattern in Figure
4.4a for the sample synthesized at 725 οC also shows the early angle reflections from the parent
compound more visibly when compared to the 710 οC sample. The decreased amounts of nitrogen
in the samples synthesized at lower temperature also decreased the temperature at which the phase
change occurred. Based on these decreased weight gains the overall composition of the system
would be more oxygen rich with a lack of nitrogen.
Despite not producing the targeted compound of K4Nb6O17-xNy, a two-phased oxynitride
system was nonetheless synthesized. This two-phase system provided details as to why it was not
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possible to create the target compound. When K4Nb6O17 is exposed to high temperatures under
ammonolysis conditions, volatilization of the potassium species occurs thereby losing K2O as a
byproduct of the reaction. According the reported phase diagram of a K2O-Nb2O5, at temperature
ranging from 732 – 845 οC, would produce KNbO3 and K2O•3Nb2O5.44 This gives further
confirmation for the two-phased oxynitride obtained as the weight loss of 11% after ammonolysis
would suggest that the system was comprised of 2 mols of KNbO3, 2 mols of Nb2O5, and the loss
of K2O. The Nb2O5 obtained would then undergo chemical reaction with NH3 to produce the
niobium oxynitride, NbNxOy. Attempting to convert K4Nb6O17, via high temperature
ammonolysis, to an oxynitride would not be possible using this route.

4.5. Conclusions
Herein we report the synthesis of a potential two-phased oxynitride based on a K4Nb6O17
system, KNbO3:NbN0.33O2, via ammonolysis of K4Nb6O17. The overall process that determined
the structure of the system started with ammonolysis of K4Nb6O17 to the proposed two-phased
oxynitride, KNbO3:NbN0.33O2, then followed oxidation to K2Nb6O16. Evidence to support this
possible composition was done via weight loss studies and analysis of XRD patterns based on
similar systems to that of the oxynitride. Ideal temperature for the ammonolysis of K4Nb6O17 range
from 710 – 800 οC; the latter providing a higher concentration of nitrogen within the composition.
A color change from white crystals to black crystals can also be seen in the sample after
ammonolysis. A 10.98% weight loss associated with the ammonolysis process determine that K2O
and the exchange of oxygen atoms for nitrogen atoms were the leading factors of the loss. The
amount of nitrogen that was exchanged in the system was determined by weight changes in the
system via ammonolysis and thermal analysis. A weight gain of 5.47% was seen when oxidation
took place during thermal analysis. This weight gain is the uptake of oxygen as the sample lost
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nitrogen. The resulting XRD pattern obtained after thermal analysis matched a reference pattern
of K2Nb6O16. XRD patterns of the oxynitride showed both a KNbO3 type perovskite and a NbNxOy
type structure, with a varied composition between the nitrogen and oxygen values, in the system.
Additional samples were also studied to determine how much nitrogen was exchanged in the
overall process. It was determined that temperature lower than 800 οC would start to see decline
in the amount of nitrogen exchanged. This was seen via TGA weight loss studies on samples
synthesized at 750, 725 and 710 οC. This resulting decrease in the amount of nitrogen decrease the
phase change temperature of the overall structure upon oxidation. However, the resulting XRD
patterns for these samples showed no change in peak position. Peak definition and broadening
were noticed as the samples decreases in temperature. Overall, given that this system is potentially
new, a significant amount of information was obtained on the structural analysis via both XRD
and TGA-DSC analysis. If possible, band gap studies can be done to determine if water splitting
can be done at room temperature, due to the possibility of a reduced band gap. Also, possible
scrolling mechanism can be explored to determine if new nanocomposites can be made with
existing nanoparticles.
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Chapter 5. Concluding Remarks
In this dissertation, the synthesis of various nanomaterial architectures has been described
via solvothermal, reverse micelle, ammonolysis reactions. Fabrication of K4Nb6O17 nanoscrolls
via optimized solvothermal methods provided the foundation needed for the first reported
encapsulation of BaTiO3 nanoparticles. Reverse micelle techniques using specified surfactant for
growth control of particles, proved to be beneficial in size optimization studies of spin-crossover
complexes. Similarly, high temperature solid state reactions, typically used for synthesis of K4Nb6O17, were explored to produce transition metal oxynitrides.
Solvothermal synthetic methods imparted three main advantages in the fabrication of
BaTiO3@hexaniobate nanopeapods: flexibility, manipulation, and viability. This method provided
the flexibility needed to combine BaTiO3 nanoparticles (pea) and K4Nb6O17 nanoscroll (pod)
independently which is a first for these both these compounds. The challenge of manipulating the
surfactants, oleylamine and oleic acid, was deemed necessary in the successful encapsulation of
BaTiO3 NPs within hexaniobate nanoscrolls. Typical reaction condition in the formation of
hexaniobate nanoscrolls required the use of oleylamine as the surfactant to aid in the scrolling
process. However, using only oleylamine produced system that did not contain any nanopeapods
due to heavy agglomeration. Therefore, the ability to modify the surfactant ratio and introduce a
new surfactant, oleic acid, to the system made it possible to produce larger quantities of BaTiO 3
nanopeapods. Additionally, manipulation of the stirring component of the reaction condition
proved to be also beneficial to the overall production of nanopeapods. Compared to previous bench
top methodology, solvothermal means provided a more viable option for the decreased reactions
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times required for synthesis. This is the first known reports of the encapsulation of BaTiO3 NPs
within hexaniobate nanoscrolls.
Spin cross over complexes, known for their ability to exhibit molecular switching between
spin states, has been a compound that many have explored for its wide applications. However, due
to its low crystalline nature at the nano level, not much is known on the potential that it could have
when compared to bulk material. Within this study, known SCO complex, [Fe(Htrz)2(trz)](BF4)],
was synthesized to nano level using reverse micelle techniques. The synthesized nanoparticles
showed evidence of change within the transition temperature from low spin to high spin which
have not been reported when compared to bulk material. Lowered transition temperature, seen in
both thermal and magnetic analysis of the SCO nanoparticle, provided sufficient evidence to
indicate that a change does occur when size is reduced in these systems. X-ray analysis showed
that the nanoparticle was of a more crystalline nature than other SCO particles already reported.
Decrease in the thermal hysteresis loops produced by the particles make them more efficient as
molecular switches when compared to their bulk counterparts.
K4Nb6O17 is a known transition metal oxide that has a stacked nature which displays
excellent water splitting properties. Due to the energy requirement to produce H2 from water
splitting, UV- radiation, more suitable catalysts are being explored. The conversion of K4Nb6O17
into a transition metal oxynitride is a viable option to not only reduce these energy requirements
but to also provide additional routes in the production of newer nanopeapods. Here, K4Nb6O17,
was subjected to ammonolysis in the prospects to produce an oxynitride variant. However,
ammonolysis treatment on K4Nb6O17 produced a two-phased niobium oxynitride system. The
resulting two-phased oxynitride obtained, KNbO3:NbN0.33O2, was calculated based on weight
differences data obtained via the process on ammonolysis and thermal analysis. Initial attempts to
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produce an oxynitride species of a niobium compound was not focused on due to the reduction of
the Nb5+ to Nb2+ or Nb3+, which are typically compounds that are not photoreactive and would
change the overall composition of the starting material. The oxynitride produced here remained in
its Nb5+ state thereby having the potential to have some photocatalytic properties, potentially in
the visible region. X-ray analysis provided the necessary reference patterns to further justify the
compound at each stage of the overall synthesis. Thermal analysis in an oxygenated atmosphere
made it possible to provide additional structure details due to the weight gain that is seen upon
conversion of the oxynitride to an oxide, K2Nb6O16. Thou not being the compound that was sought
after, the knowledge that was imparted provided to be useful in future studies upon the conversion
of K4Nb6O17 into an oxynitride. Additionally, a potentially new two-phased niobium oxynitride
was nevertheless synthesized with properties that may be beneficial to nanocomposite production.
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